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Preface to the Third Edition 


The general plan and method of present at ; on which found favor with 
many users of the previous editions have not been altered. The design 
constants and design limits have been revised in line with the latest 
design practices. The characteristic curves of electrical sheet steels 
are plotted on semi-logarithmic paper, and the characteristics of cold 
reduced electrical sheet steels, used in rolled con* transformer construc- 
tion, have been added. The copper tables have been enlarged to in- 
clude the new wire insulating materials. 

In the direct -current design section the sample design calculations 
have been revised in accordance with the revised output constants. 
New value's of insulation thickness and clearance for the armature slots 
have been adopted. A discussion of multiplex windings, used on 1 urge- 
capacity machines, has been added. 

The method of calculating the field current for a specified load and 
power factor for synchronous machines lias been changed to agree with 
the procedure adopted by the American Standards Association. The 
equivalent circuit of a synchronous motor with single- and double- 
squirrel-eage starting winding is included, and a method of predetermin- 
ing starting torque, pull-in torque, and starting kva. is given with sample* 
calculations for single- and double-cage starting winding. 

The section on induction-motor design has boon largely rewritten. 
New methods for determining motor dimensions an* given, and design 
constant curves an* plotted on semi-logarithmic paper. A method of 
determining the effect of saturation in the leakage flux paths and of 
calculating the deep bar (‘fleet of squirrel-cage rotors has been added. 
With these additions it is possible to predetermine the starting torque 
and current with satisfactory accuracy. The circle diagram has been 
omitted, and all performance values are calculated from the equivalent 
circuit. A method for the design of small transformers used in control 
circuits and for power supply in electronic devices has been included with 
a sample design. 

The author wishes to acknowledge the valuable suggestions received 
from Mr. Robert Fillmore of the Unhersity of Minnesota, from Mr. 
I. C. Henson of Electric Machinery Manufacturing Co., from Mr. 
W. Field of Engineering Research Associates, and from Mr. O. Underwood 
of Minneapolis Honeywell Regulator Co. The author is indebted to 
Mr. Chun-IIsuan Sun for his help in the revision of the sample design 
problems. 

John H. Kuiilmann 

Minneapolis, Minn. 

February JO, W50 
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Preface to the Second Edition 


In the second edition the general plan of the' book has not been 
altered, but new material has been added and changes have been made* 
in some of the sample problems. In Section I covering direct-current 
machine design, the sample motor design has boon altered to conform 
more closely to present-day practice. 

In Section II, synchronous machine design, a brief discussion has been 
added on the method of calculating displacement angle, synchronizing 
power, and other characteristics by the two-reaction method. For this 
purpose, a method of calculating the synchronous reactances in the direct 
and quadrature axis has been included. 

Induction motor characteristics are more rapidly and conveniently 
calculated by analytical methods. An analytical method has been added 
to the section on polyphase motor design. The fractional-horsepower 
single-phase motor is used in very largo numbers for many applications. 
A method of designing these* motors is included with sample designs of 
two types. The* author designed a J -horsepower, capacitor-start, single- 
phase induction motor and supervised the making of dies, assembling 
fixtures, and tools for the Department of Mechanical Engineering at the 
University of Minnesota. The complete design of this motor, as well as 
the test results of the first motor built, have been added. The calcula- 
tions for a ] -horsepower, resistance split-phase induction motor are also 
included; these calculations were made by Mr. R. M. Saunders as his 
design problem for the course in electrical machine design. 

The author wishes to acknowledge with thanks the suggestions and 
technical information received from Mr. C. G. Veinott, Westinghouse 
Electric and Manufacturing Company, and Mr. W. R. Appleman, Mara^ 
thou Electric and Manufacturing Corporation. 

John H. Kuhlmann 

Minneapolis, Minn. 

February 26, 1940 




Preface to the First Edition 


The object of this book is to present a pract ical method of design in a 
clear and simple form with explanations of the theory, procedure, and 
limits of design. The following work is the result of a number of years 
of practical experience as a designer of electrical apparatus and of nine 
years of experience as a teacher of the subject. The procedure and 
methods employed are those used by the professional designer. 

The method of treatment adopted for each type of apparatus dis- 
cussed is, first, to explain the construction (if the apparatus to bo designed; 
second, to explain the formulas and procedure; third, to give the design 
limits established by practice; arid fourth, to illustrate with complete 
sample calculations. The* complete design calculations are given for 
two direct -current machines, two synchronous machines, two induction 
motors, and four transformers. 

Those using the book in the classroom will find it convenient to assign 
each student the problem, for the particular apparatus to be studied, 
on a blank design sheet such as used in this book. This sheet should be 
filled in by the student and submitted to the instructor at the end of the 
period allotted for the* problem. The design sheets used in the text are 
similar to those used by the commercial designer, and contain the pre- 
determined characteristics and all the data necessary to construct the 
apparatus. 

In the preparation of this work the author found it convenient to 
treat, first, the direct -current machine; second, the synchronous 
machine; third, the induction motor; and fourth, the transformer. It 
is not necessary to follow this order of study in a course* in electrical 
design, because the book has been so prepared that each section is com- 
plete in itself. 

The author wishes to acknowledge his indebtedness to his brother, 
F. H. Kuhlmann, for reading the manuscript, and to Professor W. T. 
Ryan for the privilege to use all material contained in his book, Design 
of Electrical Machinery. He also wishes to express his thanks to the 
Electric Machinery Manufacturing Company, to the Westinghouse 
Electric and Manufacturing Company, and to the General Electric 
Company for technical data and illustrations so generously supplied. 

John H. Kuhlmann 

Minneapolis, Minnesota, 

Nov. 26, 1929 
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I — Direct-CYuiient Machines 


CHAPTER I 

CONSTRUCTION 

PiRECT-OriiRENT generators and motors may bo divided into throe 
general classes: (I) The non-commutating-pole machine', (2) the 
commutating-polo machine, (3) the compensated machine. 

(1) The non-commutating-pole machine is practically obsolete, being 
used only for generators and motors for low voltages and small capacities. 

(2) The commutating-pole machine is built with small poles 
between the main poles, which are called commutating polos and are 
magnetized by a winding in series with the armature. The brushes 
are so placed that the coils, during commutation, come under the 
influence of the flux from the commutating poles, which flux is of 
such value and direction that cutting it product's in the coils a voltage 
w T hich neutralizes the voltage of self-induction. In a generator, the 
flux from the commutating pole must be in the same direction as the 
flux from the main pole preceding it, and in a motor it must be in the 
same direction as the flux from the main pole following it. 

(3) The compensated machine may be looked upon as a modified 
commutating-pole machine'. The commutating-pole machine has the 
exciting winding concentrated on the commutating pole, whereas the 
compensated machine has part of the exciting winding distributed in 
the main pole faces. By such construction, the* leakage' flux of the 
commutating pole is reduceel, winch incre*ases the commutation capacity 
of the machine. The compensates! machine' has two distinct aelvantages 
over the commutating-pole machine*. It has a greater ceimmutating 
capacity and, since the armature creiss magnetization unele*r the main 
pole is neutralized, the maximum voltage betweem adjacent com- 
mutator segments is reduced. By taking advantage of these two points, 
it is possible to increase the speed of generators and to build motors 
for more difficult cycles of operation. 
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The type of construction generally used for direct-current generators 
and motors is shown in Fig. 1. 

Spider. — The spider of a direct-current generator or motor is 
the frame upon which the armature laminations are assembled. By 
designing the spider with large axial ventilating ducts, good ventilation 
of the inside of the armature is obtained and the weight of the armature 
is kept small. The spider for large machines is either a steel casting 
or is fabricated from rolled steel. 1 Figure 2 shows a cast steel spider 
of a large-diameter, 
slow-speed machine. 

For machines with 
small armature di- 
ameter, the type of 
construction shown 
in Fig. 3 is used, 
that is, the spider is 
part of the armal ure 
lamination. 

Armature. — The 
armature of dneci- 
current generators 
and motors is built 
up of electric sheet- 
stool laminations 
varying in thickness 
from 0.01 11 to 0.025 
in. The laminations 
are punched to cor- 
rect size by moans 
of dies, carefully 
annealed and insu- 
lated. For arma- 
ture diameters smaller than approximately 30 in., the armature lami- 
nations are punched in one piece, whereas for larger armature diam- 
eters the circle is divided into several segments. One segment for 
a large-diameter, slow-speed machine is shown in Fig. 4. 

The usual method of insulating the armature punchings is that of 
applying a thin coat of core plate varnish to each side of the punching. 
The insulating varnish is generally applied by passing the punchings 
between two rolls coated with the insulating varnish. The varnish on 

1 “Standard Line of Direct-Current Machines Fabricated by Arc Welding/* 
Electric Journal, Vol. 25, p. 575, Dec., 1928. 



Fio. 2. — Armature spider for 1700-h.p., 90 to 205-r.p.m., 
600-volt motor. 
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the punchings is either air dried or artificially dried. When the arti- 
ficial drying process is used, the punchings are first passed over an open 
flame, to burn out the volatile matter in the varnish, and then through 

an oven, to bake the var- 
nish. Paper is sometimes 
used to insulate the arma- 
ture laminations from one 
another. The paper is ap- 
plied to the sheet steel be- 
fore it is punched out. 

The insulated armature 
punchings are assembled 
on the spider between two 
end-plates. These are cast 
of the same material as the 
spider. The end-plate on 
the commutator end of the 
armature is often cast in 
one piece with the spider. 

Fig. 3. — Armature punching with spider. The one on the opposite 

end, however, is always a 
separate casting, and is used to press the laminations tightly to- 
gether to prevent vibrations. The end-plates extend to the bottom 
of the armature slots and, therefore, do not support the armature 






Fig 4 — One segment foi largo-diameter armature with welded duct spacers. 


teeth (see Fig. 1). For all except very small motors and generators, 
which have round or very shallow slots, the armature teeth must be 
supported by a tooth support. 



COMMUTATOR 


5 


The tooth support generally consists of a piece of rolled steel, spot- 
welded to the end lamination. The position of the tooth support and 
the shape of the section of the rolled steel piece are shown in Fig. 4. 

The length of the armature iron is divided into sections, as shown 
in Fig. 1, by radial ventilating ducts; these are usually from to f in. 
wide. The narrow duct is used on the small-diameter, high-speed 
machine, and the wide duct on the large-diameter, slow-speed machine. 
Except for very small machines, such as fi actional horsepower motors, 
there is always a ventilating duct at each end of the armature lamina- 
tions. When the length of the armature exceeds approximately 4 in., 
the armature also is divided into sections by radial ventilating ducts. 
Enough ducts should be used so that the length of each section will 
not be more than 3 in. 

The ventilating duct spacer must extend from the top of each tooth 
to the inside of the armature lamination so that neither the teeth nor 
the inside edge of the armature lamination 
will flare and close the duct when the 
punchings are pressed together. Loose 
armature laminations will vibrate and pro- * , // 
duce a buzzing noise, because of the flux /; 
reversals in the armature core. The con- Ui 

struction of the ventilating duct spacer is W/ 
similar to that of tho tooth support shown /. ^ 
in Fig. 4. 

On motors and generators with totally a 
enclosed frame, such as street railway Fig. 5. 

motors, the radial ventilating ducts are 

often omitted. For this type of construction, the cooling air is forced 
through the machine, parallel to the shaft, by a fan mounted on the 
shaft at the end of the armature opposite to the commutator. 

The armature coils are placed into the slots with the required 
amount of insulation between armature iron and coils, and the slots 
are sealed with wedges. The type of wedge generally used is of horn 
fiber impregnated with paraffin. The position and thickness of the 
wedge are shown in Fig. 5 a and b. Bands of phosphor bronze or steel 
wire are used to hold the armature coil end-connections in position. 
The slots are not always sealed by wedges; they are sometimes left 
open and the coils held in place by phosphor bronze or steel band 
wires as Fig. 6 shows. 

Commutator. — The commutator is built up of hard-drawn, copper 
segments, insulated from one another by mica. The thickness of the 
mica insulation varies from 0.02 to 0.06 in. and depends upon the diam- 
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eter of the commutator and the voltage between adjacent segments. 
The mica 2 used for commutator insulation must be one of the soft 



Fig. 9. — Detail drawing of pole punching, 50-kw., 1200-r.p.m. generator. 



Fig. 10. — Field yoke with partially assembled field poles, 75-h.p., 1750-r.p.m., 4-pole 

motor. 

2 See “The Manufacture of Built-Up Mica,” Electric Journal, Vol. 21, p. 10, 
Jan., 1924; “Types of Commutator Construction,” Electric Journal, Vol. 23, Nov., 
1926, p. 565. 
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varieties so that the copper and mica will wear down at the same 
rate. 

The mica and copper segments are clamped between V-shaped 
clamping rings and insulated from them by micanite, usually about 
tV i n - thick. The assembled commutator is pressed on the shaft of 



Fig. 11 .— -Cross-section of sleeve hearing and hearing housing. 


the machine or on an extension of the armature spider. When the 
diameter of the commutator will permit, axial ducts are provided on 
the inside of the commutator for cooling purposes. 

The two V-ring construction generally used is shown in Fig. 7. 



Fig. 12. — Brush holder with brush. 

This method of construction can be used for high-speed commutators 
for peripheral speeds from 4000 to 6000 ft. per min. for lengths up to 
about 24 in. For longer commutators, the three V-ring construction 
or the shrink-ring construction is used. The armature and commuta- 
tor assembly for a 50-hp. general purpose motor is shown in Fig. 8. 
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Field Poles. The main polos of most modern in. chines are built 
up of sheet steel laminations, usually from 0.023 to 0.05 in. thick. 
The laminations are riveted together with no insulation between them. 
Figure 9 shows the usual shape of the laminations, with pole body and 
pole shoe punched in one piece. The shape of the pole body for the 
laminated pole construction is rectangular or square, whereas for 
cast steel poles with laminated pole shoes the pole body is often of cir- 
cular shape, to obtain minimum length of mean-turn for the field coil. 

The objection to the cast steel pole construction lies in the fact that 



Fig. 13. — Brush yoke 


it is difficult to obtain castings of uniform material and free from defects. 
With open armature' slots, the type generally used for direct-current 
motors and generators, cast steel pole shoes can not be used, because of 
the excessive eddy current losses in the pole face due to the air gap flux 
pulsations produced by the armature slots. 

The field winding may be wound directly on the pole, with the 
necessary insulation between winding and pole, or may be wound on a 
form completely insulated and placed on the pole. The form-wound 
field coil is generally preferred because of the ease with which repairs 
can be made. 
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The commutating pole is often made of cast steel, for large high- 
speed machines, and for machines subjected to large load fluctuations, 



Fig 14 — Engmo-type generator. 


the laminated pole is used. The commutating-pole winding is generally 
form-wound, insulated, and placed on the pole. The field frame, with 
assembled and connected field windings, is shown in Fig. 10. 



FIELD YOKE 11 

Field Yoke. The yoke is the frame to which the field poles are 
bolted (see Fig. 10). The section of the yoke must have the required 
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castings free from internal strains, cracks, blow-holes, and the like, the 
yokes of large direct-current generators are being built up of J- in. 
steel plates. On smaller diameter machines, rolled steel is being 
used. The feet are riveted or welded to the frame. 

Bearings. — The bearings of most modern direct-current machines 
are of the ring oiling type. The bronze bearing is generally preferred 

for small machines; for large motors 
and for the larger generators babbitt 
bearings are used. The position of 
the bearing in the bearing housing and 
the method of mounting are shown in 
Fig. 11. 

Ball bearings and roller bearings 
are being used frequently for direct- 
current motors. Figure 18 shows the 
assembly drawing of a ball-bearing 
motor. 

Brush Holder and Brush Yoke. — 

Many different types of brush holders 3 
have been used for direct-current 
geneiators and motors. The type 
generally used on modern machines 
is shown in Fig. 12. The brush 
holders are mounted on studs or arms 
which are generally brass rods, from | 
to 1 in. in diameter. The brush studs 
are pressed into openings properly 
spaced in the bearing bracket, Fig. 
18, or are mounted on a brush yoke, 
which is supported by the bearing 
bracket, Fig. 10. One type of brush 
yoke with brush arms, brush holders, 
and brushes is shown in Fig. 13. 

On engine type machines, for 
which the electrical manufacturer 
does not supply either the shaft or the bearings, the brush arms are 
supported by a brush yoke, as shown in Fig. 14. For pedestal type 
machines the type of brush yoke shown in Fig. 13, or the type shown in 
Fig. 14, may be used. 

8 See “The Development of The Direct-Current Generator in America,” by 
B G. Lamme, Electric Journal, Vol 12, p. 164. 



Fig. 17. — Cross-section of vertical 
motor 


MOTOR AND GENERATOR ASSEMBLY 13 

Base. — All belted type motors and generators are mounted on a 
belt-tightener base or on rails. The base or rails are bolted down, and 
the machine can be moved on the base by means of a ratchet device. 
A type of belt-tightener base often used is shown in Fig. 15. 



Ficj. 18 4 Assembly drawing of ball-bearing motor. 


Motor and Generator Assembly.— Figure 16 is an assembly draw- 
ing of a bracket type motor, and Fig. 17 is a cross-section of a vertical 
type motor. An assembly drawing of a ball bearing, bracket type 
motor is shown in Fig. 18. 

4 From Electric Journal, Oct , 1924, p. 484. 
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VOLTAGE FORMULA AND OUTPUT EQUATION 


Voltage Formula. — The formula for the induced voltage in a direct- 
current armature is usually written in the following form, 


E = 


a X 00 X 10 8 


volts, 


( 1 ) 


where E is the voltage induct'd in the armature winding between ad- 
jacent brushes. When the induced voltage E is known, the flux per pole, 


</> = 


Ea X 60 X 10 8 
Nnp 


lines. 


( 2 ) 


For the design of electrical machinery, it is often convenient to use a 
hypothetical total flux for the machine, instead of the flux per pole. To 

determine this hypothetical total flux, the 
flux density in the air gap is assumed to 
have maximum value over the entire pole 
pitch, that is, the shape of the field form 
is assumed to be rectangular, as shown in 
Fig. 19. The ratio of the area under the true 
field form to the area of the hypothetical 
rectangular field form is called the field form 
distribution factor fa. The hypothetical total flux, 



Fig 19. 


4>t = 


<t>p 


Substituting for 0, in formula 3, the value given by formula 2, 


, Eap X 60 X 10 s 

<P — —————— — — 

Nnpf d 


Ea X 60 X 10 8 
Nnfd 


lines. 


( 3 ) 

( 4 ) 


Output Equation. — The capacity of a given armature diameter and 
length is dependent, to a large extent, upon ventilation. The best 
design, from an engineering standpoint, gives a maximum output at a 
minimum cost. A point of primary importance in accomplishing this 

14 




OUTPUT EQUATION 


15 


is to ventilate the various parts, to dissipate the maximum watts loss 
with the least amount of heating. Ventilation, . however . can be so 
good as to make it impracticable to work the machine to its limit, from a 
heating standpoint, on account of its efficiency reaching a value below 
the practicable point. Rarely, if ever, assuming reasonably good ven- 
tilation, is it practicable to rate direct-current machines on a continuous 
temperature basis, since invariably commutation or efficiency, or both, 
will be the limiting factor, rather than temperature. 

The armature output of a direct-current generator, expressed in 
kilowatts, is as follows: 


From formula 4, 


KWa = El a X 10 ~ 3 . 


<t>tNnfa 

E = volts. 

a X 00 X 10 8 


Substituting this expression for E into equation 5 above, the output 
of the armature in kilowatts will be, 


Kw fl = 


c PiNnfdlg 
a X (>() X 10 1 


The total flux is equal to the product of gap area times the maximum 
air gap density, 

<t>t = 7 tDIB u lines. (7) 

If Q equals the ampere conductors per inch of armature periphery, 
then, 


= 7 tDQ. 


Substituting the expression for & from formula 7, and the expression 

for from formula 8, into the output equation 6, 
a 

__ nf<nrDQTrDB 0 l nD 2 lf<QB a w 2 

° 60 X 10 u 60 X 10" ' 

This equation may be rearranged into the following form: 

DHn 60 X 10 11 60.8 X 10 10 

Kw a ~ fdQBgir 2 ~ MB, ‘ (9) 
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The value of B (J , the maximum air gap density, is limited by the 
permissible value of B t2} the maximum tooth density. The maximum 
tooth density exists at the root of the tooth and is calculated by the 
following formula : , 

<pt 

B t2 = — rrn li nos P er sq. * n - 
w t2 kilS 

Substituting for the total flux, the value given in equation 7, the 

maximum tooth density, 

n B g vD v 
B a = ' — T~7i lines per sq. in. 
w t2 kiS 

This equation shows that the tooth density is directly proportional 
to the air gap density, for a given number and size of slots. The m.m.f. 



100 2 3 4 5 6 7 8 91000 2 3 4 5 6 7 8 910,000 

J^¥ X I0 3 Scale B 


Fig. 20. — Air gap densities for direct-current generators and motors. 

required to send the flux through the teeth will be large for high tooth 
densities, which, in turn, will require a large amount of field copper. 
The iron losses in the teeth will also be large for high tooth densities. 
The maximum tooth density, the density at the root of the tooth, should 
generally not exceed 150,000 lines per square inch. The air gap density 
must then be lower for machines with small diameters than for machines 
with large diameters, because of the greater tooth taper for the small 
diameter machines. 

Air gap densities that may be used for preliminary design may be 
taken from the curve, Fig. 20. 

The value of Q in formula 9, the ampere conductors per inch of 
armature circumference, is limited by commutation, efficiency, cost of 
construction, and armature heating. The ampere conductors per inch, 
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for a given rating, may be increased by increasing the number of con- 
ductors or by decreasing the armature diameter. By increasing the 
number of conductors, the reactance voltage will be increased, as will 
be shown later. If the diameter of the armature is decreased, the 
length of the armature must be increased in order to have enough iron 
to carry the flux, and the slots will have to be made deeper in order to 
accommodate the larger number of ampere conductors per inch of arma- 
ture circumference. Both of these changes increase the reactance 
voltage, as may be seen from the reactance voltage formula. Com- 
mutation is therefore the limiting factor in the choice of the ampere 
conductors per inch of armature circumference for machines without 
commutating poles, whereas for machines with commutating poles, 
efficiency, cost of construction, and armature heating are the limiting 
factors. For non-commutating pole machines, Q is usually from 300 
to GOO. Average values of Q for commutating-pole machines are given 
in Fig. 21. 



100 Z 3 4 5 6 7 8 3KXX) 2 3 4 5 fe 7 B 9 tQDOO 

Kw x i 0 s Scale B 

Fig 21 — Ampere conductors per inch of armature circumference for commutating- 
pole, direct -current generators and motors. 


The air gap flux distribution factor, f d , depends upon the shape of 
the field form. The method of obtaining the field form and the field 
form distribution factor is shown on page 23. The value of the field 
form distribution factor is, for the shape of pole hhoe generally used, 
approximately equal to the ratio of the pole arc to the pole pitch. 
The usual values are 0.60 to 0.75. 

By substituting average values for fd , B g , and Q into equation 9, 
the right-hand member may be combined into a constant, 


D 2 ln = 

Kw a 

m = — r, 

n 


( 10 ) 


or, 


(ID 
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where C is called the output constant. This constant is not the same 
for all machines; neither will it be the same for all machines of the same 
kilowatt rating and speed. It depends upon the value of B 01 Q, and /<*. 
Average values of the output constant for commutating-pole machines 
for 50° C. rating may be taken from the curves, Fig. 22. 

Formula 1 1 has been developed for a generator. Kw a in this formula 
is the armature kilowatt output, which is equal to EI n , where E is the 
armature induced voltage and I a is the armature current. For a gen- 
erator, this exceeds the output rating by the PR losses in the armature, 
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Fig. 22. — Output constants loi comniut a ting-polo, direct-curi cut 
gcnciatois and motors. 


the brushes, and the various series field windings; the core and mechani- 
cal losses are supplied by the prime movei. For a motor, Ivw„ exceeds 
the output rating by the core and mechanical losses, the PR losses are 
supplied by the line. In determining the air gap density, ampere con- 
ductors per inch, and output constant, the kilowatt output may be used 
for either a generator or a motor. 

For some motor applications, the torque the motor can produce 
rather than the horsepower output is the more important. The auto- 
mobile starting motor is an example of such an application. It is often 
desirable to be able to determine the diameter and length required to 
produce a given stalled torque. The induced voltage in a motor 


armature 


E = Et — PRc volts. 


Multiplying both sides of this equation by I a gives 
EI a = Erh “ I a 2 Rc watts. 
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Erla is the power delivered to the armature, and EI a is the power 
developed. Subtracting core loss and friction and windage losses from 
the developed power gives the power available at the shaft. The 
developed power, 


EI a 


Tn X n X 746 
5250 


watts. 


The developed torque, 


T d - 


EL, 5250 _ 7.04 X El „ 

//74G 7i 


The induced voltage (see equation 4), 

E = *" V "fo— volts. 

a X 00 X 1() 8 

If this is substituted into the developed torque equal ion, 
7.04, Xf„ X NI a 


T d = 


a X GO X 10 8 


-lb. ft. 


The total flux, </>, = and NI„ = Qawl). Substituting into the 

developed torque equation, 


From this equation the diameter and length can be determined. 
The values for B u and Q can be taken from the curve's, Figs. 20 and 21, 
for normal continuous duty machines. For intermittent duty motors, 
such as the automobile starting motor, the values for B a and Q may be 
considerably increased. 

Armature Peripheral Speed. — The diameter and length of the arma- 
ture should be so chosen, whenever possible, that the peripheral speed 
of the armature will not exceed 0000 ft. per min., as high peripheral 
speeds lead to expensive constructions and commutation difficulties. 
For generators for direct connection to steam turbines, the peripheral 
velocity of the armature may be 15,000 to 20,000 ft. per min. Such 
generators require special construction and very careful design of the 
commutating field. Except for turbo-generators, the peripheral velocity 
of direct-current generators and motors is generally from 1200 to 6000 ft. 
per min. 

The speeds for the smaller size generators are generally chosen to 
correspond to the standard 60-cycle induction motor speeds. The 
generators can then be directly connected to standard induction motors 
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for motor-generator sets. For the large sizes, the speeds are generally 
made to correspond to the standard 60-cycle synchronous motor speeds. 
The speeds for slow-speod engine-type generators are generally deter- 
mined from the engine speeds. 

Armature Diameter and Length. — When the output constant is 
known, the product DH is readily found. Either the diameter or the 
length may be assumed and the other dimension calculated. For high- 
speed machines, the diameter is limited by the peripheral velocity. 

The length of the armature must be kept within certain limits, 
because it is difficult to ventilate a long armature properly. If long 
armatures are necessary, as for turbo-generators, special means for 
ventilation must be provided. For small two-pole machines, the arma- 
ture length is often made equal to the armature diameter. 

If a value for the ratio, armature diameter to pole pitch, is assumed, 
then the values of I) and l can be found from the product D 2 l. For 
motors and generators with peripheral velocity below 6000 ft. per min., 
the ratio 1/t is generally from 0.50 to 1.0. For turbo-generators, for 
which long armatures are unavoidable, the ratio 1/t is sometimes larger 
than 1.0, whereas for slow-speed engine-type generators, for which large 
diameters are desirable, this ratio may be less than 0.50. 

The pole pitch 


and 

/ 


7 rl) 

V 


= (0.50 to 1.0), 


( 12 ) 


l = r(0.50 to 1.0) 

= — (0.50 to 1.0). (13) 

V 


Substituting this value for l into the output equation 11, 


D' 2 — (0.50 to 1.0) = — C, 
p n 


or 


D -i 


Kw a pC 


n ir (0.5 to 1.0) \n(1.5 to 3.14) 


J Kw a Cp 


(14) 


The value of l can be found by formula 11. 

When designing a line of direct-current generators and motors, the 
armature diameters should be so chosen that as many ratings as possible 
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can be obtained with the same armature diameter. There is no fixed 
rule by which the minimum and maximum length of the armature for 
each diameter can be determined. These limits will depend upon the 
operating characteristics desired and upon the cost of construction. 
The cost of construction will be different for different manufacturers 
and therefore also the limits of armature length for a given diameter. 
When in doubt as to the proper value of the armature diameter and 
length, the only satisfactory method is to make preliminary calculations 
for two or more machines for different diameter and length and choose 
the one that will give good operating characteristics for a reasonable 
cost of construction. 

Number of Poles. — In general, the number of poles should be so 
chosen that good operating characteristics are obtained with minimum 
weight of active material and minimum cost of construction. 

The frequency of the currents in the armature conductors and of the 
flux reversals in the armature core is directly proportional to the number 
of poles and speed. The frequency 

pn 

f = 2 x 6Q cycles per sec. (15) 

The losses in the armature core and teeth will increase with the fre- 
quency for a given flux density. To avoid excessive iron losses with 
high frequencies, the flux density in the armature core and teeth must 
be kept low, which will require increased armature iron weight. The 
usual frequencies for direct-current motors and generators are from 
15 to 45 cycles per second. 

The pole pitch varies directly with the armature diameter and 
inversely with the number of poles. For a large pole pitch, the length 
of the armature coil end-connections will be large, and therefore also 
the losses and the weight of the armature copper. The ampere-turns 
per pole on the armature vary with the pole pitch, and, since the ratio 
of the field ampere-turns to the armature ampere-turns should be equal 
to from 0.8 to 1.25 (see p. 79, Chapter V), it follows that the ampere- 
turns on the held wull also increase with the pole pitch. A large number 
of ampere-turns on the field require a heavy shunt field winding, which 
is difficult to ventilate and leads to high shunt field losses. Excepting 
for very large-capacity, slow r -speed machines, it is usually desirable to 
use a number of poles that will give a pole pitch less than 15 in. 

For large-capacity, low-voltage machines, the number of poles may 
be determined by the amount of current that can be collected by each 
brush arm. With a brush thickness of f in. and with a current density 
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of 50 to 60 amperes per square inch of brush contact, a current of about 
1000 to 1200 amperes per brush arm can be used. 

To guide the beginner in selecting a number of poles, the following 
tables are given: 

TABLE I 

Medium and High Speed 


Kw Output 

Speed in r.p.m. 

No. of Poles 

Up to 2 

Over 1300 

2 

2 to 100 

Up to 1300 

4 

50 to 300 

Up to 1000 

4 or 0 

200 to 600 

Up to 000 

0 to 10 

600 to 1000 

Up to 500 

8 to 12 


TABLE II 

Slow Speed Engine Type 


Kw Output 

Speed in r.p.m. 

No. of Poles 

35 to 150 

225 to 300 

G 

200 to 250 

135 to 225 

8 

250 to 500 

100 to 150 

10 


See also tables given by W. T. Ryan 1 in “ Design of Electrical 
Machinery.” 

When in doubt as to the number of poles to use for a motor or 
generator of given kilowatt capacity and speed, it will be necessary to cal- 
culate the weight of material, losses, and cost of construction, to deter- 
mine the number of poles that will give best operating characteristics 
for the lowest cost. 

Design of the Pole Shoe. — The air gap flux distribution curve must 
have such shape that the best possible commutation will result. To 
obtain good commutation, the flux density in the air gap must decrease 
gradually from maximum value under the center of the pole to zero on 
the center line between two poles, and the flux densities near the neutral 
point must be low. A field form that drops off rapidly from maximum 
value to zero not only leads to commutation difficulties but may also 
give rise to magnetic noises in machines with slotted armatures. 

1 “ Design of Electrical Machinery,” by W. T. Ryan, Vol. I, pp. 3, 4, and 5, 
John Wiley & Sons, Inc., New York. 
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Fig. 23. 


The shape of the field form depends upon the shape of the pole 
shoe and the per cent pole embrace. The ratio of the pole arc on the 
armature surface to the pole pitch on the armature surface, expressed 
in per cent, is called the per 
cent pole embrace. A large 
per cent pole embrace is de- 
sirable, because it is possible 
to have a low air gap density 
with a large flux per polo On 
the other hand, the leakage 
flux, the flux that passes be- 
tween poles and does not cross 
the air gap, will be large lor 
a large per cent pole embrace. 

For direct -current machines, 60 to 75 per cent pole embrace is gener- 
ally satisfactory. For commutating-pole motors and generators, the 
ratio of the pole arc to the pole pitch should generally not exceed 70 
per cent. The lower values are necessary to avoid excessive leakage 
flux for main and commutating-pole The number of slots embraced 
by the pole may sometimes determine the pole arc (see page 45). 

For commutating-pole machines, 66 per cent pole embrace is gen- 
erally satisfactory. A good air gap flux distribution curve is obtained 

with the shape of pole shoe 
shown in Fig. 23. 

Construction of No-Load 
Field Form.- The useful flux 
per pole, in passing from the 
pole shoe into the armature, 
spreads out over the entire pole 
pitch. The flux will distribute 
itself in the air gap in such a 
way that the total reluctance 
will be a minimum. The flux 
path in the air gap under the 
pole may be assumed to be di- 
vided into tubes of force, as shown in Fig. 21, each tube being of unit 
length in the direction parallel to the shaft. 

If b x is the mean width of such a tube of force, and 5 X the mean length, 

then the permeance of the tube is proportional to — ^ > and the flux density, 

Ox 

B x , for a small portion of the armature surface of width a x , and of unit 



— » r t rxiT± 

VTft 7 b •» 4 6 L 1 




<4 


Fig. 24. 
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length, is proportional to - -- • If B g is the maximum air gap density 

a x 8 x 

at the center of the pole, where the air gap has a length 5, then B a is 

proportional to - > because a x is equal to b x at the center of the pole. 
8 


Since the same m.m.f. acts on the tube of force at the center of the pole 
and at the pole tip, the air gap densities are to each other as their 
respective permeances ; that is, 


B x :B a 


b x 1 
a x 8 x ’ 8 


or 


B x 


b x 8 

a x 8 x 


B a 


( 10 ) 


To construct the air gap flux distribution curve, it will then be 
necessary to plot 2 the magnetic flux distribution in the air gap. Since 



Fig. 25. — Approximate air gap lengths for direct-current generators and motors. 


the pole is symmetrical about the center line, it is necessary to lay out 
only one-half of the pole and one-half of the pole pitch on the armature 
surface. For this construction the length of the* air gap must be known; 
it may be estimated with the help of the curve Fig. 25. 

In plotting magnetic fields, it is generally assumed that the iron of 
the pole shoe and armature has infinite permeability as compared to 
air. The flux lines will then leave the pole face and enter the armature 
at right angles. 

The flux and equipotential lines must intersect at right angles and 
are so drawn that each tube of force is divided into a number of equal 
squares. From equation 10 it is apparent that the flux density at 
any point on the armature surface will be proportional to the ratio of 

2 Archiv fur Elektrotechnik, Vol. 11, 1922, p. 85; Electric Journal, Vol. 23, 
July, 1926, p. 355; General Electric Review, Vol. 29, Nov., 1926, p. 797; A.I.E.E. 
Journal, Vol. 46, p. 430, and discussion, p. 614. 
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the length of a side of a square at the center of the pole, to the length 
of a side of a square at the point on the armature surface under con- 
sideration. This is true if the same number of equipotential lines is 
used at the center of the pole as at the pole tip. For a larger number of 
squares at the pole tip, the ratio of the sides of the squares must be 
multiplied by the ratio of the number of squares. The flux plot for a 
300-kw., 900-r.p.m. direct-current generator is shown in Fig. 26. 

The air gap flux distribution curve is easily obtained from the flux 
plot by dividing one-half of the pole pitch on the armature surface into 



a convenient number of equal parts. The length of the squares is 
sealed from the drawing for each of the points on the armature surface, 
and the flux density is calculated as explained above. The density at 
the center of the pole is taken as 100, or 100 per cent. 

By plotting the points on the armature surface as abscissas and 
corresponding values of flux density as ordinates, the curve, showing 
the flux distribution on the armature surface, is obtained. Figure 27 
shows the flux distribution curve for the flux plot shown in Fig. 26. 
As Fig. 27 shows, the flux distribution curve does not pass through zero 
on the center line between poles. By superimposing a portion of the 
field form of the adjacent pole, which is of opposite polarity, and sub- 
tracting the corresponding ordinates, the true field form is obtained. 
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In Fig. 27, CF is equal to CD hut is of opposite polarity. By sub- 
tracting the ordinates of CF from CB , the true flux distribution curve, 
BE, is obtained. The accuracy employed in making the flux plot will 
determine the accuracy of the flux distribution curve. 

The author has used for some time in the design of electrical machin- 
ery a very much simplified method 3 to obtain the field form. It con- 
sists of dividing one-half of the pole pitch on the armature surface into 
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Fig. 27.— Flux distribution curve tor flux plot shown in Fig. 20. 

a convenient number of parts, and drawing the (‘enter line of a tube of 
force for each point in such a way that it will leave the pole face and 
enter the armature surface at right angles. 

If the length of the air gap at the center of the pole is taken as the 
unit for measuring the length of the remaining flux lines, and if the 
average width of the tube of force is assumed to be equal to the maximum 
width, then formula 16 becomes 

(10a) 

0 x 

with 8 X measured in terms of 8, the length of the air gap at the center of 
the pole. The value of the flux density for each of the points on the 
armature surface can easily be calculated by formula 16a, and the 
field form curve plotted. The true field form is obtained in the same 
way as explained for Fig. 27. The method of drawing the flux lines is 
shown in Fig. 24 and is for the same pole shown in Fig. 26. The flux 
distribution curve is shown in Fig. 28. 

8 See also Electric Journal, Vol. 24, May, 1927, p. 215. 
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This method is, obviously, only approximate and gives the density 
at a point about midway between the armature surface and pole shoe. 
For the purpose of determining the air gap flux distribution factor, this 
method is generally sufficiently accurate, because a small error in the 
determination of the flux distribution curve in the interpolar space will 
have only a small effect upon the flux distribution constant. 

The flux distribution curves shown in Figs. 27 and 28 have been 
constructed on the assumption that the armature core and pole tips are 
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Fig. 28. —Flux distribution curve for flux plot shown in Fig. 24. 

not saturated, and that the armature surface is a smooth surface with 
no slots. The effect of open armature slots is to produce notches in the 
top of the field form, as shown in Fig. 29, which is the field form of a 
small direct -current generator taken with an oscillograph. These 
notches travel along the wave during rotation so that the field forms 
of Figs. 27 and 28 show the average wave form. 

Air Gap Flux Distribution Factor. — The definition of the air gap 
flux distribution factor has been given above as the ratio of the area 
under the flux distribution curve to the area of a rectangle having the 
same base and maximum ordinate. The area under the flux distribution 
curve can be found by the use of a planimeter; this area divided by 
the area of a rectangle having the same base and maximum ordinate 
gives the air gap flux distribution factor. 
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The flux distribution c,urve and rectangle have the same base line. 
The air gap flux distribution factor can, therefore, also be defined as the 
ratio of the average to the maximum ordinate. The average ordinate 
can be lound by dividing the base line into a number of equal sections, 
the sum of the mean ordinates of each section divided by the number of 
ordinates being the average ordinate. Figure 27 shows the air gap 
flux distribution curve and the calculations for the average ordinate 
and flux distribution constant for the flux plot shown in Fig. 26. 



Fig. 29. — Air gap flux distribution curve of 5-kw., 1200-r.p.m., direct-current 

generator. 


Sample Design. — A 300-kw., 900-r.p.m., 230-volt, compound- 
wound, direct-current generator is to be designed. The generator is to 
be part of a synchronous motor-generator set, to have commutating 
poles, and be overcompounded to give a full-load voltage equal to 250 
volts. The efficiency of the generator should not be less than 92.0 per 
cent at full-load and normal voltage, and is to be calculated from the 
losses in accordance with the A.I.E.E. Standards. The temperature 
rise of no part of the generator should exceed 50° C. when operating at 
full load continuously. 


Kw 

n 


X 103 = ^ x 10 3 = 333. 


The output constant from the curve Fig. 22 is 1.97 X 10 4 . 
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Table I, page 22, shows that the best design can generally be obtained 
with 6 poles for a machine of this size and speed. 

By formula 14, page 20, 


D 


J Kw a Cp = J: 
\n(1.5to3.14) \ 


300 X 1.97 X 10 4 X 6 
900(1.5 to 3.14) 


= 29.8 to 23.1 in. 


The corresponding values for Z, the length of the armature, are 
calculated by formula 1 1 , 

_ Kw„C _ 300 X 1.97 X 10 4 
nl) 2 ~ 900 X 29.8 2 to 23. 1 2 

= 7.39 to 12.30 in. 

The peripheral speed for 30-in. armature diameter is: 

7T I)n 3.14 X 29.8 X 900 

V ~ ~12 ~ 12 

= 7020 ft. per min. 

and for 23.1-in. armature diameter it is 5450 ft. per min. 

In order to avoid expensive constructions, it is generally desirable 
to use peripheral speeds of 6000 ft. per min. or less. Therefore, an 
armature diameter of 25 in. is chosen for this design. The peripheral 
speed will then be 

t rl)n 3.14 X 25 X 900 

v = = 

12 12 

= 5890 ft. per min. 

The length of the armature 

_ Kw C _ 300 X 1.97 X 10 4 
“ nl) 2 "" 900 X 25 2 

= 10.5 in. 

The frequency of the flux reversals in the armature core 

pn 6 X 900 
* = 2 X GO = 2 X 00 


= 45 cycles per sec. 
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The pole pitch on the armature circumference 


irD 


T = 


V 


it X 25 
0 


13.10 in. 


Choosing 00 per cent pole embrace, the pole arc on the armature 
circumference 

B = r X 0.0(5 = 13.10 X 0.00 = 8.04; use 8f in. 

The length of the air gap is taken equal to 0.17 in. (see curve Fig. 25). 
The shape of the pole shoe is made the same as shown in Fig. 23. The 
flux plot is shown in Fig. 20 and the flux distribution curve in Fig. 27. 
The air gap flux distribution factor is 0.005. 

Consideration of flux distortion (see p. 70) increases the air gap 
length to 0.20 in. As this differs but little from the original value, 
the same flux distribution is assumed. 



CHAPTER III 


ARMATURE WINDINGS AND INSULATION 

The following armature windings are used for modern direct-current 
generators and motors: 

1. Lap Windings. 

(a) Simplex Lap Windings, for which a = p 

(b) Multiplex Lap Windings, 1 for which a = /xp 

2. Wave Windings. 

(a) Simplex Wave Windings, for which a = 2 

(b) Multiplex Wave Windings, 1 for which a = 2/x 

3. Frogleg Windings. 

Simplex Lap Windings. — A simplex lap winding for a 4-pole machine 
with 21 armature slots and 2 coil sides per slot is shown in Fig. 30. 
The position of the coils in the slots and the connection of the coils to 
the commutator are apparent when tracing the coils of the armature 
winding. Starting with commutator segment 1, Fig. 30, and passing 
by front end-connection to coil side 1, in the top of slot 1, along coil 
side 1 to the back of the armature, along back coil end-connection to 
coil side 14 in the bottom of slot 7, along coil side 14 to front of armature 
and along front end-connection to commutator segment 2, one arma- 
ture coil is traced. Continuing now from commutator segment 2 to 
coil side 3, across the back of the armature to coil side 16 and then 
along coil side 16 to commutator segment 3, two armature coils are 
traced. In this way, after returning to commutator segment 1, along 
the front end-connection of coil side 48, the entire winding will have 
been traced. 

1 Multiplex windings are not much used in ordinary machines, and only a brief 
discussion is presented. The reader wishing further information on these windings is 
referred to “Armature Winding and Motor Repair,” by D. II. Braymer, pp. 1-25, 
McGraw-Hill Book Co., New York; “ Principles of Direct Current Machines,” by 
Alexander Langsdorf, 3rd ed., pp. 116 117, McGraw-Hill Book Co., New York; 
“Die Gleichstrommascliine,” by Dr. Arnold and LaCour, pp. 28-90, Julius 
Springer, Berlin. 
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From Fig. 30 it is apparent that the coil sides are arranged in two 
layers and that the two coil sides connected together by the end-con- 
nection on the back of the armature are in different layers, one in the 
top of a slot and the other in the bottom of a slot. It is also apparent 
that the slots in which the two sides of each coil lie are a pole pitch apart 
and that the terminals of each coil connect to adjacent commutator bars. 

The interval between the two coil sides connected by the end- 



Fig. 30. — Progressive simplex lap winding, S — 24, K = 24, p = 4. 


connection on the back of the armature is called the back pitch, Fi, 
and is expressed in terms of the number of coil sides spanned, whereas 
the interval between the two coil sides connected on the front of the 
armature is called the front pitch, F 2 , and is also expressed in terms 
of the number of coil sides spanned. In tracing the armature winding, 
we progress in one direction at the back and in the opposite direction 
at the front of the armature. One pitch, usually the back pitch, is, 
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therefore, considered positive and the other negative. The algebraic 
sum of the back and front pitch is called the resultant pitch, and is 
always equal to 2, for simplex lap windings. The back pitch and front 
pitch must always be an odd integer. 

The interval between the commutator segments to which the 
terminals of one coil are connected is called the commutator pitch, Y c , 
and is expressed in terms of number of commutator segments. Figure 
30 shows that the commutator pitch is always equal to one, for a simplex 
lap winding. The back pitch, front pitch, and commutator pitch are 
shown in Fig. 31, which is a developed diagram of the winding shown 
in Fig. 30. 

The armature coils may be connected to the commutator segments 



Fig. 31. — Developed progressive simplex lap winding diagram, S = 24, K — 24, 

j) = 4. 


as shown in Fig. 32. If we trace the winding starting with commutator 
segment 1 and passing along front end-connection to coil side 1, along 
coil side 1 to back of armature, along back end-connection to coil side 
14, along coil side 14 to front of armature, we come by front end-con- 
nection to commutator segment 24 and not to commutator segment 2, 
as for the winding shown in Fig. 30. From commutator segment 24 
we pass to commutator segment 23, etc. For the winding shown in 
Fig. 32, we progress around the armature in counterclockwise direction 
when tracing the winding, whereas for the winding shown in Fig. 30 
we progress in the clockwise direction. The winding in Fig. 32 is called 
a retrogressive winding and that in Fig. 30 a progressive winding. For 
the progressive winding the back pitch is larger than the front pitch, 
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whereas for the retrogressive winding the front is larger than the back. 
The resultant pitch and the commutator pitch are positive for the pro- 
gressive winding and negative for the retrogressive winding. 

It is obvious from Figs. 31 and 32 that the polarity of the progressive 
winding is opposite to the polarity of the retrogressive winding. A 
motor with retrogressive armature winding will therefore run in opposite 
direction to a motor with progressive armature winding. The space 
required for connecting the armature coils to the commutator and the 
length of the mean-turn of the armature coil will be slightly larger for 
the retrogressive winding than for the progressive winding. Since the 
retrogressive winding offers no advantages over the progressive winding, 
lap windings should always be made progressive. 

The back pitch expressed in terms of the number of slots embraced 



Fig. 32. — Developed retrogressive simplex lap winding diagram. 


by the armature coil is called the coil pitch, ) r . s ; it is always approxi- 
mately equal to the number of slots per pole. 

The formulas for the simplex lap winding can now be written as 
follows: 

The coil pitch, 

Y, = - (17) 

V 

the back pitch and front pitch, 

Fi = C. Y. + 1 


and 


Y 2 = Yi - 2 Y c 


(18) 

(19) 
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and the commutator pitch, 

Y, = ± 1 . ( 20 ) 

For the winding shown in Fig. 30, 

p 4 

Yx = C 8 Y a + 1 = 2 X 6 + 1 = 13 
2 Y c = Yi - r 2 = 13 - y 2 
F 2 = 13 - 2 = 11 

and for the winding shown in Fig. 32, 

Y 9 = G, Y\ = 13, Y 2 = 13 + 2 = 15. 

The windings thus far shown have two coil sides per slot, and the 
number of slots per pole is an integer. Figure 33 shows a progressive 
simplex lap winding for a 4-pole machine with 20 slots and 4 coil sides 
per slot, 

8 = 

P 4 


Y 8 


— 0 l ; use 6 


Yi = C 8 + 1 = 4 x 6 + 1 = 25 
2F C = l r i - r 2 = 25 - Y 2 
Y 2 = 25 - 2 = 23. 


From this diagram it is obvious that the coil sides short-circuited 
by the brushes do not all lie in the same position in all the slots. The 
reason for this is the fact that the winding is chorded, that is, the coil 
throw is less than full pitch, ("hording the armature winding has the 
effect of decreasing the mean-turn of the armature coil and the weight 
of the armature copper, but, because of its effect upon commutation, a 
chording of one slot pitch can ordinarily not be exceeded. For com- 
mutating-pole machines, the armature coils should in general not be 
chorded more than one-half slot pitch, because a wide commutating 
pole is required for chorded windings, in order that the coils in the com- 
mutating zone will be under the effect of the commutating pole. 

Simplex Wave Windings. — A simplex wave winding for a 4-pole 
machine with 25 armature slots and 2 coil sides per slot is shown in 
Fig. 34. The development of the simplex wave winding is apparent 
when tracing through the armature winding. Starting with com- 
mutator segment 1 , in Fig. 34, and passing along front end-connection 
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to coil side 1, along coil side 1 to the back of the armature, along back 
end-connection to coil side 14, along coil side 14 to the front of the 
armature, and along front end-connection to commutator segment 13, 
one armature coil is traced. Continuing in this way, until p/2 coils 
have been traced, the armature will have been passed around once 



Pig. 33. — Progressive simplex lap winding, S = 26, K = 52, p — 4. 


when commutator segment 25, adjacent to segment 1, is encountered. 
If the armature is passed around in this way as many times as there 
are commutator segments between the terminals of a coil, the winding 
will close on commutator segment 1. 

Just as for the lap winding, the coil sides of the wave winding are 
arranged in two layers, with the sides of each coil lying in different 
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layers and a pole pitch, or nearly so, apart. The terminals of each coil 

2K 

of the wave winding connect to commutator segments, which lie — 

V 


segments apart. 



Fig. 34. — Retrogressive simplex wave winding, S = 25 , K — 25, p = 4. 


The front pitch, back pitch, resultant pitch, and commutator pitch 
are shown in Fig. 35, which is a developed winding diagram for the 
winding shown in Fig. 34. It is apparent from this diagram that the 
back pitch and front pitch are both measured in the same direction 
and that the resultant pitch is the sum of the back and front pitch. 
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When tracing a winding, if, after passing around the armature once, 
connection is made to a commutator segment to the right of the first 



Fig. 36. — Developed progressive simplex wave winding diagram, 
S = 25, K = 25, v = 4. 


winding. For wave windings, the retrogressive winding is used when- 
ever possible. 
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From Figs. 34 and 36 it is apparent that K ± 1 commutator seg- 
ments are passed over, when passing around the armature once in 
tracing the winding, and that connection is made to the commutator 
p/2 times, with connection points a commutator pitch, Y C) apart. 
Therefore, 

^Y c = K±l 
2 

and 

Y c = 2 (21) 

V 

When the positive sign is used, the winding will be progressive and when 
the negative sign is used, it will be retrogressive. The coil pitch, 


and the back pitch and front pitch, 

Yi = C a Y a + 1 
Y 2 = 2 Y c - Y lt 

For the winding shown in Fig. 34: 

Y a ^ - = - = 61 = 6. 7 , = C. Y, + 1 = 2 X 6 + 1 = 13 

P * 

K -4- I OK — ] 

Y c = 2=~ -2 = 12, Yo = 2 Y, — 5 , = 2 X 12 — 13 = 1 1 

p 4 

and for the winding shown in Fig. 36: 

Y s = 6, Ti = 13, Y c = 13, Yo = 13. 

From the developed diagram, Fig. 35, it is obvious that half of all 
the armature coils are connected in series, so that the number of parallel 
paths for a simplex wave winding is always 2, regardless of the number 
of poles. Figure 35 also shows that all brushes of like sign are connected 
by the coils lying in the neutral zone. It is then not necessary to con- 
nect brushes of like sign, and all brushes, with the exception of one 
positive and one negative, may be omitted. In general, wave-wound 
machines have as many brush arms as there are poles. In some cases, 
for example, in street railway motors, it is difficult to obtain access to 
one or more brush sets. For such cases, sets of brushes are often 
omitted. 
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The number of coil sides per slot need not be 2, as shown in Figs. 34 
and 35. It can be more than 2, but must be a multiple of 2. The num- 
ber of coil sides per slot that may be used for any number of poles is 
much more limited for a wave winding than for a lap winding. If all 
slots are to have the same number of coil sides and if for K, in formula 
C 

21, — S is used, then 
2 


Y c = 


C a 

~2 Sztl 


2 . 


V 


( 22 ) 


If, for example, C 8 = 6, there is no number of slots, S y for a 6-pole 
machine that will make the commutator pitch, F c , an integer. The 
accompanying table 2 gives the number of coil sides per slot for various 
numbers of poles, for which a wave winding is possible with all coils 
connected to the commutator, that is, no dead coils. 


TABLE III 


No. of Poles 

( 'oil Sides per Slot 

V 

c. 

4 

2 

— 

6 

— 


6 

2 

4 

— 

8 


8 

2 

— 

6 

— 


10 

2 

4 

6 

8 


12 

2 

— 

-- 

— 


14 

2 

. .! 

4 

6 

8 


16 

2 

— 

6 

— 



If it is desired to use a certain number of slots for a given number 
of poles and coil sides per slot, it may not always be possible to have the 
commutator pitch equal to an integer, with the full number of com- 
mutator segments and coils. For example, if it is desired to use 50 


11 ‘Die Gleichstrommasohine,” Vol. 1, 3rd ed., p. 52, Julius Springer, Berlin. 
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slots on a 4-pole machine with 6 coil sides per slot, then the commutator 
pitch, 


Vc 


150 ± 1 
: 2 


74J or 75i 


But the commutator pitch must bo an integer. If one commutator 
bar is omitted and one coil in the armature winding is not connected, 
then the commutator pitch, 


Vc 


149 ± 1 
2 


74 or 75. 


The coil that is not connected is called a “ dead coil.” It is placed on 
the armature to keep the armature mechanically balanced but is not 
connected to the commutator. The number of armature slots will 
usually be an odd number, as formula 22 shows, and wave windings, 
therefore, will generally be chorded windings and not pitch windings. 
What has been stated about (‘hording of lap windings applies also to 
w^ave windings. 

Equalizer Connections. — From the developed winding diagram 
shcnvn in Fig. 31 it is obvious that, for the lap winding, all the coils of 
one armature path lie under adjacent poles. If the flux in the air gap 
under the poles is not the same for all the poles, the voltage induced in 
the various armature paths will not be the same. In consequence of 
this difference in voltage of the armature paths, equalizing currents 
will flow through the brushes. These equalizing currents may over- 
load the brushes 3 and may cause local armature heating and sparking 
at the brushes. If there is any unbalance in the magnetic circuits, 
current will flow in the equalizing circuits tending to neutralize the mag- 
netic unbalance. The action of the equalizer connections is frequently 
not correctly interpreted. 3 

The inequality of the flux under the poles may be caused by unequal 
air gap lengths under the poles, by a difference in the shape of the pole 
shoe, or by non-uniformity of the material of the field poles and yoke, 
caused by “ blow-holes ” and the like in cast steel poles and yoke. 

If commutator bars which occupy the same position under poles of 
like polarity are connected, the armature current will be equalized 
before commutation. These connections between points of the same 

3 “ History of the Development of the D.( '.-Generator in America,” Electric 
Journal, Vol. 12, p. 117. See also “ Theory of the Action of Equalizer Connections 
in Lap Windings,” by A. D. Moore, Electric Journal, Dec., 1926. 
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potential are called equalizer connections. The interval between 
equipotential points, expressed in number of commutator bars, is 
called the equalizer pitch, 

Y, = 2-- (23) 

a 



Fio. 37. — Simplex lap winding with equalizer connections. 


The best possible equalization is obtained when all points of equal 
potential are connected by equalizer connections. The number of 
equalizer connections shown in Fig. 37 is used only for very high-speed 
and large-capacity machines. An equalizer connection for every 3 or 
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4 commutator bars has been found to be satisfactory for normal 
machines. 

The section area of the conductor used for equalizer connections 
depends upon the value of the equalizer current. This current cannot 
be predetermined. Practice has shown that, with the number of equal- 
izer connections given above, a section area of the equalizer conductor 
equal to from 0.50 to 1.0 times the section area of the armature con- 
ductor is usually satisfactory. 

For wave windings, unequal flux under the various poles has no 
effect upon the voltage induced in each armature path, because all the 
coils of each path are approximately uniformly distributed under all 
the poles. 

Multiplex Windings.— In a lap winding, if commutator bar 1 is con- 
nected to bar 3 through armature coil 1 and bar 3 to bar 5 through coil 2, 
etc., the winding is known as a duplex lap winding. The number of 
series conductors between any 2 adjacent brushes will be one-half as 
many as for the simplex lap winding. There are 2 parallel circuits 
slightly displaced from each other between adjacent brushes, and the 
number of parallel paths is doubled, or a = 2 p. With an even number 
of commutator bars, it is obvious, by tracing the winding, that a closed 
loop is formed after one-half of the armature coils have been traced. 
There will then result 2 independent closed loops. This type of winding 
is often referred to as doubly re-entrant. With an odd number of com- 
mutator bars the loop will not close when tracing one-half of the arma- 
ture coils. After tracing the remaining half of the armature coils, the 
winding will close. Such a winding is called singly re-entrant. 

By skipping 2 commutator bars, that is, connecting commutator 
bar 1 to 4 through coil 1, a triplex w hiding is obtained. Such a winding 
may have 3 or 1 closed loops, depending upon w hether /v, the number of 
commutator bars, is divisible by 3 or not. For this type of winding 
a = 3 p. 

For a wave winding, if (p/2) Y ( , = K db 2, Hum w hen passing around 
the armature once in tracing the winding, connection will be made not 
to the commutator bar adjacent to the one started with but to one 
2 bar pitches from the starting point. This winding will have 2 inde- 
pendent closed loops or 1 loop, depending upon whether Y c is even or 
odd. An examination of this winding shows that one-fourth of the con- 
ductors between adjacent brushes are in series and that the winding has 
2 times as many parallel paths as the simplex wave winding, or a = 4. 

For a triplex wave winding (p/2 )Y c = K ±3. This winding may 
have 3 independent closed loops or 1 closed loop, depending upon whether 
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Y c is divisible by 3 or not. This winding will have 6 parallel paths, or 
a = 6. 

Multiplex windings must have equalizer connections not only for the 
circuits under different poles but also for the different closed loops. In 
order that the equalizing points do not belong to the same loop, Y c 
should be odd for duplex windings and should not be a multiple of 3 for 
triplex windings. In duplex wave windings equalizers can be connected 
only at diametrically opposite points ( Y c — K/2) and only for even 
pole pairs (p a multiple of 4). The general conditions which must be 
satisfied by duplex and triplex windings can be summarized as follows: 

iS = ^(2n+L), m=~ = 2ft+l, Y r = — • 

Z o p 

£=f(3ft±l), m=3n±l, Y e =-- 

2 p 

Duplex wave, S=2n, p-in, K = p(Y c ± 2), m=2n+l, Y t =K/2. 

Triplex wave, S=3n, p=6n, K — ^Y c =k3, m = 3n±l, Y„=K/3. 

z 

In the above, n is any positive integer including 0. 8 = 3 n indicates 

only that *S must be a multiple of 3. 

The number and section area of the equalizers required for multiplex 
lap windings are about the same as for simplex lap windings. For 
multiplex wave windings a much smaller number of equalizer connections 
is usually required because each group of series conductors passes suc- 
cessively under each pole. 

Examples of multiplex windings. 

Triplex wave with one loop 

p = 18, S = 240, m = 4, K = 960, Y c = 107, Y e = 320. 

Duplex lap with two loops 
p = 12, 8 = 210, m = 3, K = 630, Y e = 105. 

Duplex lap with two loops 
p = 12, 8 = 216, m = 3, K = 648, Y e = 108. 

This winding has no interloop equalization because Y e = 108 is an 
even number and, therefore, is not satisfactory. 

Triplex lap with one loop 

p = 14, S = 245, m = 2, K = 490, Y e = 70. 


Duplex lap. 
Triplex lap, 
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Frogleg Winding. — The frogleg winding consists of a lap winding 
and a wave winding placed on the same armature. The wave winding 
is connected to the commutator at the equipotential points of the lap 
winding. In this way, the wave winding acts as an equalizer for the 
lap winding at the same time that it is carrying useful current. This 
type of winding is described by W. H. Powell and G. M. Albrecht . 4 * 

Number of Armature Slots. — The total number of conductors, N , 
can be determined by formula 4, 

Ea X 60 X 10 8 
N = 7 


The conductors per slot must be an integer, and for 2-layer windings 
they must be an even number. A small number of slots require a large 



Fig. 38a. Fig. 386. 


slot, because the number of conductors per slot will then be large. A 
saving in insulating material is generally possible by the use of a small 
number of slots, but, because of the effect of a small number of open 
slots r> upon the flux in the air gap, this saving can generally not be 
realized. 

In Fig. 38a, the pole shoe covers 5 armature teeth and the flux from 
the pole passes through 5 teeth into the armature. In Fig. 386, the 
armature is moved | tooth pitch to the right, and the flux from the 
pole passes through 6 teeth into the armature. When the number of 
slots per pole is a whole number, the number of slots embraced by each 
pole will be the same for all positions of the armature. For the position 
of the armature shown in Fig. 38 a, the reluctance of the air gap is 
greater and the flux under the pole is smaller than for the position 
shown in Fig. 386. When the armature rotates, the flux in the air gap 
will necessarily pulsate. Pulsations of the flux in the air gap produce 
iron losses in the pole shoes and give rise to magnetic noises. 

4 Iron and Steel Engineer, Vol. 2, Sept, and Nov., 1925. 

6 “ Die Gleichstrommaschine,” Vol. 1, 3rd ed., p. 139, Julius Springer, Berlin. 
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In Fig. 39a and 6 , the pole shoe covers 5 \ slots. The total reluc- 
tance of the flux path and the flux under the pole remain approximately 
the same for all positions of the armature. From Fig. 39a and b it 
may be seen that the reluctance and the flux under the tips of the pole 



are not the same for all positions of the armature, and that, when the 
armature rotates, the flux under the pole oscillates between the pole 
tips. The oscillating flux in the air gap produces ripples in the voltage 
induced in the conductors moving under the poles. The pulsations 
and oscillations of the flux in the air gap will be small when the pole 
shoes are well beveled, when the air gap is large, and when the slots are 
narrow' in proportion to the width of the teeth. 

When the number of slots per pole is equal to a whole number 
plus 7 (see Fig. 40), the reluctance of the flux path per pair of 



poles will be practically constant for all positions of the armature, 
and there will be no pulsations or oscillations of the flux in the air gap. 

To avoid pulsations and oscillations of the flux in the air gap, the 
number of slots per pole should be equal to a whole number plus 
When this is not possible or advisable for other reasons, the number of 
slots per pole arc should be an integer. 

Pulsations and oscillations of the flux under the commutating 
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pole must be avoided, as they may cause sparking. A large air gap 
under the commutating pole and a small tooth pitch help to reduce the 
effect of the armature slots upon the flux under the commutating pole. 
In general, the number of slots between the tips of two adjacent poles 
should be at least 3, or 

(1 - *)- > 3. 

V 


Assuming GO per cent for the number of slots per pole, 



3 0 

( 1-0 60 ) 


5 8 82. 


For machines with small armature diameter, for w T hieh the slots per 
pole wall be smaller than as given above, partly closed armature slots 
will generally be required. 

Armature Coil Construction and Insulation. — Armature coils for 
direct-current machines are wound with insulated wire or with bare 



Fig. 41. — Mold for forming armature coils. 


rectangular strap copper. The shape of the cross-section of the wire 
is round, square, or rectangular. The copper tables in the Appendix 
give the bare and insulated dimensions, the resistance and weight of 
standard round and square wire, and of some sizes of insulated rec- 
tangular wire. The dimensions, resistance, and weight of a number of 
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sizes of strap copper are also included. Round wire is used mostly in 
the smaller sizes for small-capacity machines and for high-voltage 
machines. Square and rectangular wires are used whenever possible, 



Fig. 42. — Onc-tuin sti»p coppci aimutuie coils loi wa,\e winding. 

because they give a better space factor and a mechanically stronger coil. 
Strap copper is used when conductors of large cross-section are required 
and especially for coils having only one turn. 

Bare strap copper coils are formed on a mold, such as shown in 
Fig. 41. After the coils are formed, they are insulated, to protect them 

from the neighboring coils in the 
slot. A completely insulated full 
coil, comprising four coils, is shown 
in Fig. 42 . The term “ coil ” re- 
fers to the element connecting two 
commutator bars, the term “ full 
coil,” as used hereafter, refers to 
two or more coils insulated to- 
gether and placed into the slot as 
one coil. The number of coils is equal to the number of commutator 
bars, and the number of full coils is equal to the number of slots. 

Wire-wound coils are not always wound on a form, such as used for 
strap copper coils, but are often wound into the form shown in Fig. 43 
and then pulled into the desired shape by a coil-pulling machine. With 
this method of w inding wire-v T ound coils, all the coils comprising a full 
coil are wound at the same time. 



Fig. 43. — Armature coil before being 
pulled out. 
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Strap-wound armature coils are generally arranged in the slot as 
shown in Fig. 44, whereas wire-wound coils are arranged as shown in 



Figs. 45 and 40. The line through the conductors indicates the con- 
ductors in parallel. The voltage betw con coil sides, side by side in a slot, 
is equal to the voltage between adjacent commutator bars, because 



coils, side by side, are connected to adjacent commutator bars. For 
coils with more than one turn, the voltage per turn is equal to the coil 
voltage divided by the number of turns per coil. The voltage per coil, 
for lap windings, is equal to the degree of multiplicity times the voltage 
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The voltage between the coil sides in the top of the slot and those 
in the bottom is approximately equal to the terminal voltage, because 
the coil pitch is generally equal to the pole pitch. 

The insulation between the w inding and core is subjected to mechani- 
cal stresses and must, therefore, be heavier than is required for electrical 
reasons. The standardization rules of the A.l.K.E. require that the 
insulation between armature core and windings shall withstand, for 
1 minute, a ()0-cycle effective e.m.f., applied between core and wind- 
ing, equal to 2 times the terminal voltage of the winding plus 1000 volts. 
The test voltage is to be applied to the winding after the temperature 
test, wdien the windings are at normal operating temperature. 

Armature coils wound with bare strap copper are generally insulated 
with cotton tape. The entire coil is taped half-lapped, with linen- 
finished cotton tape, generally 0.005 to 0.007 in. thick. The coils are 
then thoroughly dried in an oven, dipped in flexible baking varnish, 
and baked at a temperature of 100° C. for 8 or 10 hours or until dry. 
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For wire-wound coils, double-cotton-covered wire is generally used. 
For small machines, with a large number of turns of small wire per coil, 
single-cotton-covered enamel wire is used. After the coils are wound 
and pulled into the proper shape, they are dried and finished in the 
manner described in the preceding paragraph. The varnish treatment 
not only serves as a good insulator but also cements the individual con- 
ductors of the coil together and eliminates air pockets. Double-cotton- 
covered wire may be used for a voltage per turn as high as 25 volts. 
When the voltage per turn exceeds 25 volts, triple-cotton covering 
or some other method of insulation must be used. 

A large number of insulating materials and a variety of methods 6 
are used for insulating the armature coils from the core. For open 
slots, which is the type of slot generally used for all except very small 
machines, and for formed coils, all the insulation may be placed on the 
coil or all in the slot, or part on the coil and part in the slot as slot lining. 
The first method is the one most used. For very small machines with 
partly closed slots, all the insulation between armature coils and core 
must be placed in the slot as slot lining. 

The grade and thickness of insulation necessary on the slot portions 
of the coil depend upon the voltage of the winding, the size of the coil, 
and the mechanical stresses it will have to stand when the machine is 
in operation. 

Figure 44 shows a method of insulating the slot portions of armature 
coils for 250-volt windings with strap-copper coils. The middle con- 
ductor of each layer is insulated with cotton tape, half-lapped and 
treated with insulating varnish. The three coils of each layer are com- 
pletely insulated before they are placed into the slot. The straight 
part of the coil is wrapped with empire cloth in such a way that there 
are three thicknesses on one side and two on the other. The coil end- 
connections are taped with empire cloth tape, half-lapped. The entire 
coil is then taped with cotton tape, with the turns of the tape butted on 
the slot portion of the coil and half-lapped on the end-connections. 
The coils are then thoroughly dried in an oven, dipped in flexible bak- 
ing varnish, and baked at a temperature of 100° C. for 8 or 10 hours 
or until dry. 

The slot limng, which is generally fish paper or red-rope paper, 
from 0.007 to 0.010 in. thick, is used simply to afford mechanical pro- 
tection to the coils when they are pushed into the slots. The slot 
lining extends over the top edges of the slol w hile the armature is being 
wound. It is cut off flush with the armature surface when the coils 

6 “Insulation and Design of Electrical Windings,” Longmans, Green & Co., 
London. 
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are in place and folded over the top of the coil, to protect it when the 
wedge is put into place. Figure 45 shows a method of insulating the 
slot portion of wire-wound armature coils for 250-volt windings. After 
the coils are wound and pulled into the proper shape, they are dipped 
in insulating varnish and baked. The method of insulating the coil is 
the same as that shown in Fig. 44, with the exception that a wrapper 
of paper and varnished cambric instead of empire cloth is used on the 
straight part of the coil. 

Figure 40 shows a method of insulating the slot portion of wire- 
wound armature coils for 500-volt windings. The varnish-treated coils 
are taped all over with cotton tape, half-lapped. The taped coils are 



again dried, dipped in varnish, and baked. The straight part of the 
coil is wrapped with empire cloth, or paper and mica, with three thick- 
nesses on one side and two on the other. The coil is then taped all 
over with cotton tape, with the turns of tape butted on the slot portions 
and half-lapped on the end-connections. After the coils are treated 
with insulating varnish and baked, they are placed into the slots in the 
same way as described for the 250-volt strap-copper coils shown in 
Fig. 44. 

The slot shown in Fig. 40 is not sealed by a wedge, but the coils are 
held in the slots by band wires. There is no rule by which it is possible 
to determine when band wires should be used to hold the coils in the 
slots or when wedges should be used. In general, band wires are used 
for small-diameter machines, when it is necessary to keep the slot 
depth as small as possible. 

Figure 47 shows a method of insulating direct-current armature 
coils for open slots, with and without wedge, for voltages including 
600 volts. 
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TABLE IV 

Insulation and Clearance Allowance for Direct-Current 
Armature Windings 


Voltage 

8 

2b 

Slot Depth 

Slot Width 

Armature Diameter 

Armature Diameter 

10 

20 

40 

10 

20 

40 

0- 300 

0.10 

1 50 

0 27 

0.28 

0.33 

0.060 

0.065 

0.080 

300- 600 

0.12 

1.75 

0.29 

0.31 

0.37 

0.075 

0.085 

0.095 

600-1500 

0.14 

2.00 

0.32 

0.34 

0.40 

0.090 

0.095 

0.110 


In Table IV the depth allowances are for open-type slots closed with wedges. 
The allowance for the wedge is 0.15 in. For open-type slots with depression for 
band wires, reduce depth allowance by 0.11 in. For partly closed slots the insulation 
allowances are taken into account as explained on page 310. 

Choice of Armature Winding. — The space occupied by conductor 
insulation and slot insulation is usually considerable. The proportion 
of the total slot space occupied by insulation rises rapidly for conductor 
sections below about 0.01 sq. in. It is, therefore, desirable to choose that 
winding which will give as large a conductor current as possible. This 
means that the wave winding is usually preferred for small and medium 
capacity machines and for high-voltage and slow-speed machines. 

Multiplex wave windings are used for large machines with a large 
number of poles, whereas multiplex lap windings are used only on very 
large machines, for very high speed. Owing to the limitations imposed 
by the equalizer connections, multiplex windings arc used only when 
necessary. 

For 4-pole machines, it is desirable to choose the armature winding 
so that the same armature core may be used for two voltages. If, for 
example, the terminal voltage of a 50-kw. machine is 250 volts when 
the armature is simplex wave wound, then the same kilowatt-output at 
one-half the voltage is obtained when the armature is simplex lap wound, 
with the same number and size of conductors per slot. 

The armature winding must also be selected with regard to the 
maximum voltage between commutator bars, to prevent flashing. 7 
Large-capacity machines will rarely flash when the maximum voltage 
between commutator bars is 28 volts. For moderate-capacity machines, 
there is generally no flashing with 35 volts maximum between adjacent 

7 “ Physical Limitations in D.C. Machines,” by B. G. Lamme, Trans. A.I.E.E., 
Vol. 34, p. 1752. 
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commutator bars, and for very small machines this limit may rise to 
60 volts. In general, the maximum voltage between adjacent commuta- 
tor bars should not exceed 30 volts. 

The average voltage between adjacent commutator bars, 


Cg a — 


Ep 

~K 


volts. 


(25) 


The maximum voltage between adjacent commutator bars for no 
load or for full load, for machines with compensating windings, 


Cam 


Ep 

Kfd 


volts. 


(26) 


For non-compensated machines, the field flux is distorted by the action 
of the armature flux, and the maximum flux density in the air gap at 
full load is as much as 30 per cent larger than the maximum flux density 
in the air gap at no load. The maximum voltage between adjacent 
commutator bars for non-compensated machines, 


C 8m 


Ep 

Kfd 


1 . 3 volts. 


(27) 


If 0.60 is assumed as an average value for the field form distribution 
factor, then the average voltage between commutator bars for com- 
pensated machines should not exceed 30 X 0.06 or approximately 


20 volts, and for non-compensated machines — - — ^ ^ or approxi- 

1.3 


mately 15 volts. 

The average voltage between adjacent commutator bars can be cal- 
culated for any type of winding in the following manner. The average 
voltage induced in an armature conductor, 


Ci = 


60 X 10* 


- - volts 


(28) 


The average voltage between adjacent commutator bars is then equal to 
eit a nky where t a is the number of turns per armature coil and n k is the 
number of conductors in series between adjacent commutator bars for a 
winding with one turn per coil. For simplex wave winding n k = p , 
and for simplex lap winding n k = 2. For multiplex wave winding 
n k = p/p>y and for multiplex lap winding n k = 2/p. 

Armature Conductor Section. — The section area of the armature 
conductor, 

fa 

'8 a = — sq. in. 

A 


( 29 ) 
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The current per path in the armature winding for machines with 
shunt field windings is 


I zb if I a 

ia = = ~ amperes, 

a a 


(30) 


where the negative sign is for motors. The shunt field current must 
first be estimated. This can be done by means of the curve, Fig. 48, 
which gives the shunt field current in percentage of the full-load terminal 
current of the machine. 

The current density, A, in the armature copper is limited by the 
permissible temperature rise of the armature winding and by the effi- 



Fkj. 48. — Appioximate shunt field cun cut and ai mature circuit voltage drop in 
per cent of lated current and terminal voltage. 


ciency of the machine. The current density to use for the armature 
conductors can not be accurately predetermined, because of the many 
variable factors which affect the ventilation of the armature. 

Assuming reasonably good ventilation, efficiency rather than tem- 
perature rise may be the limiting factor in the choice of A. For a given 
efficiency, the value of the armature I 2 R loss may be assumed and the 
corresponding value of A calculated. The armature current density 
should generally be chosen as high as the temperature and efficiency 
guaranties will permit. This not only leads to a saving in armature 
copper but also permits the use of shallow armature slots, which aids 
commutation. 

For open-type machines without forced ventilation of the type of con- 
struction shown in Chapter I, and with continuous duty rating, the 
armature conductor current density can be determined with the help of 
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the curves Fig. 49. For fan-cooled machines slightly higher values may 
be used, and for totally enclosed machines the values from the curves 
must be reduced considerably. 

Size of Armature Slots. — The dimensions of the armature slots must 
be so chosen that they will accommodate the armature conductors with 
the necessary insulation, without producing excessive flux densities in 
the armature teeth. Wide-open slots produce pulsations of the flux 


HBUH 



mm n 


mm 


Armature Peripheral Velocity, feet per minute 
Fig. 49. — Cuives to determine armatuie current density. 

in the air gap and increase the reluctance of the flux path in the air 
gap. The dimensions of the armature slots must therefore also be so 
chosen that the effect of the slots upon the flux in the air gap will be a 
minimum. For non-commutating-pole machines, the depth of the slot 
should generally not exceed 4 times the slot width, because deep slots 
increase the reactance voltage. For machines with commutating poles, 
deeper slots may be used, because the commutating pole produces a 
commutating field to compensate for the reactance voltage. The tooth 
pitch on the armature circumference, 
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The tooth pitch may serve as a guide when choosing the number of 
armature slots. For a small tooth pitch the width of the armature 
tooth will be small, which may lead to difficulties in construction, for the 
reason that it will be difficult to support the armature teeth at the ven- 
tilating duets and core ends without obstructing the ventilation. The 
usual range of tooth pitch for direct-current machines is from 0.70 to 
1.3 in. For commutating-pole machines it is desirable to reduce the 
flux pulsation under the commutating pole as much as possible. This is 
best accomplished by means of a small tooth pitch with narrow slots. 
This is more fully discussed in a later article, Design of the Commutating 
Pole. For commutating-pole machines the tooth pitch on the armature 
surface is usually from 0.70 to 1.0 in. For very small machines with 
partly closed slots much smaller tooth pitches than those given above 
are the rule. 

The width of the slot should generally be equal to or less than the 
width of the tooth on the armature circumference. The maximum tooth 
density, the density at the root of the tooth, should not exceed 155,000 
lines per sq. in. For non-commutating poles, high tooth densities are 
used to minimize the effects of armature reaction, but high tooth den- 
sities, especially with high frequencies, produce high iron losses which 
affect the efficiency and temperature of the machine. High densities 
in the armature teeth also require a large number of ampere-turns on 
the shunt field winding, which increases the amount of shunt field copper 
required. When commutating poles are used, high tooth densities are 
not necessary, because the commutating pole prevents shifting of the 
neutral point and furnishes the commutating field. 

For the method of insulating the armature coil shown in Fig. 44, 
the total thickness of the insulation in the width of the slot over the 
insulated conductors is as follows: 


Varnished cambric 
Paper separator 
Colton tape 
Fish paper slot lining 


and in the depth of the slot: 

Varnished cambric. . , 

Cotton tape 

Fish paper slot lining 


5 X 0 007 = 0 035 in. 
2 X 0 005 = 0 010 
2 X 0 007 = 0 014 
2 X 0 010 = 0 020 


0 079 in. 


10 X 0 007 = 0 070 in. 
4 X 0 007 = 0 028 
3 X 0 010 = 0 030 


0 128 in. 


From the copper tables the dimensions of the armature conductor 
can be found corresponding to the section area calculated by formula 
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29. The method of calculating the width and depth of the slot is 
shown by the sample designs, page 62. 

The dimensions of the armature conductor can be determined ap- 
proximately by assuming a width of the armature slot equal to 0.4 to 
0.45 times the tooth pitch on the armature circumference. Subtracting 
from this value the space required for insulation plus clearance, the 
remainder is the space available for the insulated conductors. This 
space, divided by the number of conductors in the width of the slot, 
gives the approximate thickness of the insulated conductor. The 
width of the conductor can be found from the copper table for the thick- 
ness and cross-section area required. 

Mean-Turn, Resistance, and Weight of Armature Winding. — The 
shape of the armature coil end-connection for double-layer lap and wave 



windings is shown in Fig. 50. The length of the mean-turn can be 
divided into two parts: the active part, embedded in the armature 
iron; and the end-connection, the part outside the armature iron. 
If d in Fig. 50 is the thickness of the coil end-connection plus the 
clearance between coils, then 


sin a = 


d 

- t 

l\ 


(32) 


where a is the angle that the straight part of the coil end-connection 
makes with the edge of the armature coil, and / 1 is the tooth pitch at the 
armature surface. The clearance, s, between armature coil end-con- 
nections depends upon the voltage of the winding and upon the ventila- 
tion required; practical values are given in Table IV. 

The coil pitch is calculated on a diameter through the mean of the 
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slot depth and 

7r(D — d 8 ) . 

= in. 

V 


(33) 


The embedded part of the armature coil is allowed to extend beyond 
the edge of the armature iron a distance b , Fig. 50. Practical values 
for b are given in Table IV. The loop at the ends of the coils has a mean 
length approximately equal to the slot depth. 

The complete expression for one-half the length of the mean-turn 
of an armature coil for full pitch windings, 

L a = +2 b + d 8 + l in. (34) 

p cos a 

The horizontal extension of the armature coil beyond the armature 
iron is equal to the sum of b + / + g, Fig. 50. Values for b are given in 
Table IV. 

/ = C sin a in., (35) 


and g is approximately equal to the slot depth. 

The horizontal extension of the armature coil then is 

„ • , 1 , J 1 ~ d «) • , r , 7 

= G sm a + b + d 8 — sin a + b + d s 

2 p cos a 


HD - d h ) 

2 p 


tan a: + 6 + d 8 . 


The resistance of the armature winding is 

L n Nr _ r ... 
*&a — ^ ohms, 

a 2 s a X 10° 


(36) 


where r X 10 " i] is the resistance of copper per inch of 1 sq. in. cross- 
section. For 25° C. r = 0.692, and r = 0.820 for 75° C. If the arma- 
ture conductor is built up of two or more wires in parallel, as is often 
done for large machines, the value used for s n must be the section area 
of the group of parallel wires. 

The resistance of the armature winding at any other temperature, 
T 2 , can be calculated by formula 37 when its resistance at temperature 
T 1 is known: 


R2 


234.5 + T 2 
234 5 + Ti 


R\ ohms. 


(37) 


The bare weight of the armature copper, 

<7a'= L a Ns a x 0.321 lb. 


( 38 ) 
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If the armature conductor is built up of two or more parallel wires, 
8 a must be the section area of the group of parallel wires. 

Sample Design: Design of the Armature Winding . — From the curve, 
Fig. 20, Chapter II, the air gap density should be approximately 
58 kilo-lines per sq. in. The total flux, 

<t>t = 7 tDIBq = 7 r X 25 X 10.5 X 58 


= 47,800 kilo-lines. 


The total number of conductors required is calculated by formula 4. 
From Fig. 48 for n X Kw = 900 X 300 = 27 X 10 4 , the approximate 
voltage drop in the armature, brush contacts, and series and interpole 
field windings is about 3.8 per cent. The armature induced voltage is 
then 260 volts. 

The average induced voltage per conductor is 


4>mf d _ 47,800 X 10* X 900 X 0.605 
60 X 10 8 ” 00 X 10 8 


4.76 volts. 


For a simplex lap winding the average voltage between adjacent 
commutator bars is 2 e x or 2 X 4.70 = 9.52 volts. This is satisfactory, 
and the total number of conductors 



200 X 0 
4.70 


327. 


The minimum number of armature slots should be 9 per pole, or 54. 
For the usual range of slot pitch, 0.70 to 1.30 in., the number of armature 
slots 


7 tD 7 r X 25 

/i 0.70 to 1 .3 


112 to 60. 


Since the number of conductors per slot must be an even integer, 81 
slots are selected with 4 conductors per slot. 


and 


N = 4 X 81 = 324 


260 X 6 X 60 X 10 8 
324 X 900 X 0.665 


48,300 kilo-lines. 


One turn per coil will be used for this winding, because with two 
turns per coil only 81 commutator bars would be required, which would 
lead to a high voltage between adjacent bars. For 2, 4, 6, and in some 
cases 8 conductors per slot, the number of turns per coil is 1. For 
larger numbers of conductors per slot, more than 1 turn per coil is 
generally required. 
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The sides of the coils are placed in slots 1 and 14, and the back pitch 
Fi = C 8 Ys + 1 = 4 X 13 + 1 = 53, 
and the front pitch 

F 2 = Fi - 2F C = 53 - 2 = 51, 

F c = 1. 


The number of commutator bars must always be equal to the 
number of coils in the armature winding. With 4 conductors per slot 
and 1 turn per coil, the number of commutator bars will be equal to 
162. The average voltage between commutator segments 


_ Ep _ 200 x 6 
“ K “ 102 


9 . 03 volts, 


and the maximum voltage between bars 
Ep 2(! 

r V/ 1 OA 


Ep 200 X 0 

e.„ = T~ X 1.30 = — — — X 1.30 
Kf d 1(>2 X 0 . 005 

= 18.8 volts. 


The maximum voltage per turn will be equal to the maximum voltage 
between adjacent commutator bars (formula 24, page 50). 

The terminal current at full load 

_ Kw X 10 : * __ 300 X 10 3 
Et 2o0 

= 1200 amperes. 

From Fig. 48 the shunt field current is approximately 0.03 per cent 
of the terminal current, or 7.0 amperes. 

I a = / + if = 1200 + 8 = 1208 amperes. 

The ampere conductors per inch of armature circumference 
7JV = 1208_X 324 = 83o 
vDa j X 25 X 0 


For v = 5890 ft. per min. and D = 25 in., QA„ — 2G.3 X 10 5 from Fig. 

49 >“ d , 26 3X10* „„„ 

A a = — — = 3170 amperes per sq. m. 

830 


The section area of the armature conductor, 


la _ 1208 

A a a “3170 X 6 


0 . 0034 sq. in. 
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From Table IV the allowance for insulation and clearance is 0.28 in. for 
the depth and 0.065 in. for the width of the slot. The tooth pitch at 
the armature circumference, 


h 


t X D _ 7r X 25 
S ' 81 


0.97 in. 


For a slot width equal to 0.4/j, W 8 = 0.388 in. If the conductors are 
arranged in the slot two wide and two deep, the conductor thickness = 
0.5(0.388 — 0.065) = 0.162 in. From the copper table a conductor 
0.109 X 0.625 in. bare, 0.0656 sq. in. section area, is selected. The 
dimensions of the slot are then 

w a = 2(0.109 + 0.014) + 0.065 = 0.311; use 0.31 in. 
d a = 2(0.625 + 0.014) + 0.280 = 1.558; use 1 .56 in. 

At this point it is well to check the flux density at the root of the 
teeth as explained in Chapter IV. The armature length is divided into 
sections by 3 radial ventilating ducts each £ in. wide. The total section 
area of the teeth at the root 

>S/ 2 = (10.5 - 3 X g)0.92[7r(23 - 2 X 1.56) - 81 X 0.31] 

= 377 sq. in. 


The tooth density at the root of the teeth 


B t2 = 


<t>t 

< 8/2 


48,300 X 10 :i 
377 


128 . 0 kilo-lines per sq. in. 


The length of the one-half mean-turn of the armature coil is calcu- 
lated as given on page 59, 

d 0.31+0.10 


sin a = — = 


= 0.422 


ti 0.97 

a — 25° and cos a = 0 . 906, tan a = 0 . 466 

L a = — — — + 2 b + d„ + l 


p COS a 

_ tt( 25 - 1.50) 
6X0.90(5 
= 27.10 in. 


+ 1.5 + 1.56 + 10.5 


, ir(D ~d.) ± 
l, = tan a + o + a a 


2p 

ir (25 - 1.56) 


0.466 + 0.75 + 1.56 = 5.17 in. 


2X6 
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The resistance of the armature winding is calculated for 75° C. 
because the A.I.E.E. standardization rules specify that the copper 
losses for all loads should be calculated for a temperature of 75° C. 

= LaNr _ 27.1 X 324 X 0.826 
“ " a 2 s a X 10° 6* x 0.0056 X 10 6 

= 0.00307 ohm. 

The voltage drop in the armature winding, 

I alia = 1208 x 0.00307 = 3.71 volts, 

or 1 .48 per cent of the full-load terminal voltage. 

The weight of the armature copper 

Ga = L a Ns„ X 0.321 = 27 10 X 324 X 0.0(556 X 0.321 

= 185 lb. 

Fifty-four equalizer connections are recommended for this winding, 
1 for every 3 commutator bars (see page 41). 



CHAPTER IV 


THE MAGNETIC CIRCUIT 


The flux per pole that crosses the air gap and enters the armature 
is calculated by formula 2, 


<t> = 


Ea X 60 X 10 8 

pNn 


A definite magnetomotive force is required on each pole, to send this 
flux through the magnetic circuit. The fundamental law giving the 
relation between flux and magnetomotive force is expressed as follows: 


<t> = 


0.4 X 7T AT us 
l 


The ampere-turns required to send the flux </> through a magnetic 
circuit of length l and section area s are, 

16 

AT = 

0.4 X 7 r/JiS 

The flux, <£, divided by the section area of the magnetic circuit is equal 
to the flux density, B, and the ampere-turns, 


AT = 


JB 

0.4 x TTjll 


(39) 


In formula 39, l is expressed in centimeters and B in lines per square 
centimeter. When l is expressed in inches and B in lines per square 
inch, 


AT 


IB 

3.2 X m 


(40) 


For air, the permeability, ju, is equal to 1 ; for iron and steel, it is 
greater than 1 and is not constant but depends upon the flux density. 
The magnetic characteristics of magnetic materials can be determined 
only by test. The tests consist of determining the magnetizing force 
required for different flux densities. For the designer, it is more con- 

64 
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venient if the magnetizing force, H, is expressed as ampere-turns per 
inch of flux path instead of in c.g.s. electromagnetic units. If at equals 
the ampere-turns per inch of flux path, then 

at = // X 2.03, (41) 

where H is the magnetizing force expressed in c.g.s. electromagnetic 
units. Standard saturation curves for cast iron, cast steel, and open 
hearth sheet steel, such as used for electrical apparatus, are shown in 
the Appendix. For a magnetic circuit through iron or steel, the ampere- 
turns, 

AT = at X Z, (42) 

where at equals the ampere-turns per inch length of flux path, as found 
from the standard saturation curves, and l is the length. 

The magnetic circuit for a multi-pole machine is illustrated in Fig. 
51, which shows that the magnetic circuit per pair of poles comprises 
the yoke or field ring, the pole, the air gap, the armature teeth, and the 
armature iron below the teeth. The material is not the same for the 
different parts of the magnetic circuit; neither is the density the same. 
The ampere-turns per pole must therefore be calculated separately for 
each part of the magnetic circuit. The symbols used to calculate the 
ampere- turns per pole art* as follows: 


Material 

Magnetic 

Section 

Density 

Ampere- 
turns 
per Inch 

Length of 
Flux 
Path 

Ampere- 
turns 
per Pole 

Air can 


B g 


8k 

AT„ 

Teeth 

u 

St 

B t 

atf 

It 

AT, 

Armature yoke 

Sya 

Bya 

at,« 

lya 

AT„„ 

Pole body 

Sp 

Bp 

atp 

b 

AT P 

Field yoke 

•V 

By! 

iltyf 

hf 

AT„/ 


The total ampere-turns per pole for no load and normal voltage, 

ATP = AT, + AT* + AT va + AT P + AT*. (43) 

Ampere-Turns for the Air Gap. — The maximum flux density in the 
air gap, 
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The flux in the air gap distributes itself over the axial length of the 
armature, as shown in Fig. 52. The reluctance of the ventilating ducts 
is equivalent to a reduction of the armature length Z, and the fringing 
at the ends of the core is equivalent to an increase in Z. For the pur- 
pose of the designer, it 
is generally sufficiently 
accurate to assume that 
these two effects neutral- 
ize each other. When 
the axial length of the 
pole shoe, h, is equal to 
the axial length of the 
armature, the length of 




In 


1FR 


Fig. 51.— Magnetic circuit of four-pole machine with- 
out commutating poles. 


Fig. 52. 


the air gap section, Z„ can generally be taken equal to the armature 
length, and when the axial length of the pole shoe is less than the axial 
length of the armature, 

h = l(h + I ). 

The section area of the air gap, 


•s', a = IT Dig. 


(45) 


The ampere-turns per pole for the air gap for a smooth armature 
without slots, 


AT, 


B8 

3.2 


For slotted armatures, the reluctance of the air gap is increased, because 
of the low permeance of the slot space and the high densities in the teeth. 




AMPERE-TURNS FOR THE ARMATURE TEETH 


67 


This effect is taken into account by multiplying the ampere-turns for 
the air gap for a smooth armature by a factor, 1 


k = 


h 

wn + yS 


(46 


where y is taken from the curve Fig. 53. 



Fm. 53. 


The ampere-turns per pole for slotted armatures, 


AT 


a 


R„Sh 
3~2 ' 


(47 


The length ot the air gap, 5, may be estimated as explained on page 
84, ChaptcrV. 

Ampere-Turns for the Armature Teeth. — When the armature slots 
have* parallel walls, the flux density in the armature teeth is lower at 
the top of the tooth than at the root of the tooth. The flux density 
at the top ot the tooth, 

Ba = — • (48) 

sn 

1 “ Dio Gleichstrommaschine,” by Arnold and La Cour, Vol. 1, p. 134, 3rd ed., 
Julius Springer, Berlin; Electrical World, Vol. 38, p. 884, 1901, and A.I.E.E. Journal, 
Vol. 46, 1927, p. 431. 
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The tooth pitch on the armature surface is given by formula 31, 


h 


ttD 

T 


and the width of the tooth at the armature surface, 

wa = h - w 8 . (49) 

The length of the armature is generally divided into sections by radial 
ventilating ducts, as explained on page 5, Chapter I. A sufficient 
number of ducts should generally be used, so that the length of each 
section of iron between two ventilating ducts does not exceed 3 in. 

The section area of the armature teeth at the armature surface, 

sa = w t \(l - n d Wd)Sk i, (50) 

where k\ is the lamination factor and is generally equal to 0.88 to 0.93. 
The section area of the teeth at the bottom of the slot, 

s t 2 = w t 2(l - n d Wd)Sk i, (51) 

and the flux density at the root of the teeth, 

B t 2 = — • (52) 

S t 2 


To avoid excessive iron losses in the teeth and to limit the magneto- 
motive force required to send the flux through the teeth, the density at 
the root of the teeth should generally not exceed 155,000 lines per sq. in. 

In calculating the ampere-turns for the armature teeth, the fact 
that the flux density increases and the permeance of the iron in the teeth 
decreases in passing from the top to the bottom of the tooth must 
be taken into account. Various methods have been proposed to deter- 
mine the ampere-turns required to send the flux through the armature 
teeth. The method which uses for the average ampere-turns per inch, 
the ampere-turns corresponding to a tooth density \ slot depth from the 
minimum tooth width has been found to be very satisfactory. The 
width of the armature tooth at a point l slot depth from the minimum 
tooth width, 


tt{D - 1 33d s ) 
w t s = - w 8 . 

o 


(53) 


In the design of the armature of some direct-current machines very 
high flux densities in the teeth often can not be avoided. A portion of 
the magnetic flux will then pass through the slot and the radial ventilat- 
ing ducts. The total iron section of the teeth at a point ] slot depth 
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from the root of the tooth is l n Sw t z , and the total air and iron section is 
lSt 3 . If Btz is the real tooth flux density at this section and at the 
corresponding ampere-turns per inch, then the flux passing through 
one tooth pitch is 


Bd n w t z + 3.2at (liz - l n w t z) = BdlnWts. 
Dividing both sides of the equation by l n w t z gives 

Btz = B t z + 3.2at ^ — 1^ = B t z + fc*at, 

where B& is the apparent flux density equal to — — — and 

InSwa 


k t = 3.2 


(inW t3 0 ' 


By assuming values for B t a, the real tooth flux density, the apparent 
tooth flux density can be calculated and plotted against the ampere- 
turns per inch. The ampere-turns per pole for the teeth 

A 1 1 = at tU, (54) 

where l t is the length of the flux path in the teeth and is equal to the 
slot depth. 

Ampere-Turns for the Armature Yoke. — It is apparent from Fig. 51 
that each section of the armature iron below the slots carries one-half 
of the flux per pole. The flux per pole 



and the flux density in the armature yoke 


£„* = —• (55) 

Sya 

If dya is 2 times the radial depth of the armature iron below the slots, 
then 

Sya = TldWd)dyak\f (56) 


where d va = (Z> — 2 d 8 ) - Du The flux density in the armature yoke 
is first assumed and 


d 


ya — 


0 

( l — n d Wd)k\Bya 


(57) 


The ampere-turns per inch for the value of B ya are found from the 
standard saturation curve for the material used for the armature 
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laminations. The ampere-turns per pole required to send the flux 
through the armature iron below the slots 

ATj^d = atj/a^2/a* (58) 


The length of the flux path, l ya , may be taken equal to one-half the 
pole pitch on the mean circumference of the armature yoke: 


lya — 


[D — (2d 8 + \dyn)\n 
2 P 


(59) 


When commutating poles are used, the flux in the armature iron 
below the slots is increased in one part and decreased in the other, 
because of the presence of the commutating-pole flux. The effect of 
the commutating-pole flux upon the ampere-turns per pole for the 
armature yoke may be calculated as explained by Dr. Arnold. 2 

The saturation curve for the commutating-pole magnetic; circuit 
should be a straight line, so that the commutating-pole flux will increase 
directly with the armature current. To accomplish this, the flux 
densities in the armature yoke must be chosen well below the “ knee ” 
of the saturation curve. For normal designs, the flux densities in the 
armature core will be so low that the correction for the main pole ainpere- 
turns for the armature yoke, because of the presence of the commutating- 
pole flux, will not be necessary. 

For commutating-pole direct-current motors and generators, the 
flux density in the armature yoke is therefore generally chosen equal to 
from 35,000 to 75,000 lines per sq. in. 

Ampere-Turns for the Pole. — The flux in the poles is not constant 
for all sections, but varies, being greatest near the yoke and decreasing 
toward the pole shoe. Figure 51 shows that the magnetic; flux per 
pole is made up of two parts, one <£, which crosses the air gap and enters 
the armature; and the other, which does not cross the air gap but 
passes between poles and is called the leakage flux. The ratio of 
(j> + fa to <t> is called the leakage factor, 


x = t±± = 1 + ti. 

<t> </> 


(GO) 


To calculate the flux density in the pole, it may be assumed, without 
appreciable error, that the flux in the pole is uniform and equal to <£\. 


2 “ Die Gleichstrommaschine,” Vol. 1, p. 432, Julius Springer, Berlin; see also 
“ Design of Auxiliary Poles,” by A. Brunt, Electrical Review and Western Electrician, 
p. 513, Sept. 9, 1911. 
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The flux density in the pole 




<t>\ 


The section area of the pole 


s P = hw p . 


(61) 

(62) 


The flux density, B Py should generally not exceed 100,000 lines per sq. in. 
for laminated poles and 80,000 lines per sq. in. for cast steel poles. 
From the saturation curve for the kind of material used for the pole, 
the ampere-turns per inch length of flux path corresponding to the pole 
density are found, and 

AT P = at pip. (63) 


The length of the flux path for the field pole depends upon the space 
required for the field winding. It can be determined, approximately, by 
the following method. The shunt field current may be estimated with 
the help of the curve Fig. 49. The current densities usually .satisfactory 
for shunt field windings are given in Table V. The section area of the 
field winding conductor is, then, 


S; 


If 


sq. in. 


The space factor/, of the conductor is the ratio of the net copper section 
area to the insulated conductor diameter squared. The ampere-turns 
per pole required to send the flux through the air gap, armature teeth, 
and yoke are calculated as shown above. The ampere-turns per pole 
required to send the flux through the field pole and field yoke at full 
load may be taken equal to 30r. The field winding ampere-turns per 
pole arc then 

ATP/ = ^ (AT, + AT, + AT,.) + 30r, 


where V/ is the full-load terminal voltage and Vo is the no-load terminal 
voltage. The ampere-turns that can be wound per inch height of field 
winding are given in Table V. The height of the winding space required, 


h f 


ATP / . 

m. 


at 


The allowance for insulation and clearance of the field winding is usually 
from 0.10 to 0.15r. The radial length of pole which is also the length 
of the flux path in the pole is, then, 

Ip = hf + (0.10 to 0. 15)r in. 
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Ampere-Tums for the Field Yoke. — The flux carried by each section 
of the yoke is equal to as Fig. 51 shows. The density in the yoke, 

£„/ = —• (64) 

Syf 


TABLE V 


V 

A, 

Ampere-Turns per Inch, at 

/ . = 0.40 

0.60 

0.8 

1000 

1085 

590 

670 

755 

2000 

1215 

615 

727 

825 

3000 

1330 

640 

768 

877 

4000 

1425 

655 

795 

920 

5000 

1505 

672 

825 

960 

6000 

1570 

685 

845 

995 

7000 

1622 

700 

865 

1030 

8000 

1670 

715 

885 

1063 


The section area of the yoke 

Syf = I'idyf. (65) 

For machines with bearings supported by end-brackets, the yoke should 
generally extend over the field winding, as shown in Figs. 16 and 18. 
For machines with pedestal-type bearings, the field windings often 
extend beyond the yoke, as shown in Fig. 1. The thickness of the yoke, 
dyf y must be large enough to give the frame the required mechanical 
strength, and to give a yoke section such that the ampere-turns required 
to send the flux through the yoke will not be too large. The flux density, 
rather than the mechanical strength, is generally the determining factor 
in the choice of the thickness of the field yoke. The thickness of the 
yoke 

<b\ 

d Vf = J~n • ( 66 ) 

12 ttyf 

The yoke must carry the flux of the commutating pole as well as the 
flux of the main poles. The effect of the presence of the commutating- 
pole flux in the field yoke may be calculated in the same way as for the 
armature iron below the slots. For normal designs, the flux density 
in the yoke is generally so low that this correction is not necessary. 
For a cast steel yoke, B yf should not exceed 65,000 lines per sq. in., and 
for a rolled steel yoke, B yf should not exceed 80,000 lines per sq. in. 
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The Field Leakage Factor. — The leakage flux may be divided into 
four parts, as shown in Fig. 54. The leakage flux for each of the four 
paths is as follows: 


<t>n the leakage between inner pole shoe surfaces, 
4 >i 2 the leakage between the pole shoe end surfaces, 
<t>iz the leakage between inner pole body surfaces, 
0*4 the leakage between pole body end surfaces. 





1 


WM 

1 

a 

1 

L_ 

Wi 

1 

~L~ 


pi 


u 

U-w p -+i 

—B— 

n 





Fig. 54. — Field leakage flux paths. 


The leakage flux per pole, 

0 / = 0/1 + 0/2 + 0/3 + 0 / 4 . 


When the magnetomotive force acting on each of the leakage paths 
and the reluctance of each path are known, the leakage flux can be 
calculated as follows: 


Flux = 


m.m.f. 

Reluctance 


The m.m.f. acting across paths 1 and 2 = 2(AT<, + AT* + AT yo ) = 2X. 
Since the greatest part of the leakage flux passes through air, the reluc- 
tance of the part in the iron may be neglected. Assuming that the 
sides of adjacent poles are parallel, the leakage may be calculated as 
follows: 3 

The leakage flux per pole for path 1, 

4>n = 2X3.2X21^ 


13X 


l\h 8 

dT* 


3 “ Electrical Machine Design,” by Gray, p. 51, McGraw-Hill Book Co., New 
York. 
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The leakage flux per pole for path 2, 


<f>i2 — 4 X 3 . 2 X 2 X 



h fi dx 
d\ ~h 


= 25.6X — log,. 

7T 



= 19X/i« logio 



The m.m.f. across paths 3 and 4 is zero at the yoke and equal to 2X at 
the pole shoe, and the average value is equal to X. The leakage flux 
per pole for path 3 

*» = 2 X 3.2 


= 6.5A « 

dz 


The leakage flux per pole for path 4 

-»r r /2 m* 


0Z4 = 4 X 3 


r* /2 /j 
2X 1 * 


+ 7TX 


= 4 X 3 . 2X — log, 


tfs + 


7rtc„ 


= 9.5 Xh p logi 


•0 + S?) 


X = 


4> + 


<f>l 

= 1 +— • 
<t> <t> 


The leakage factor obtained by these formulas is usually too low for 
2-, 4-, and 6-pole machines, because no attempt is made to calculate 
the flux that passes from the pole body side and end surfaces directly 
to the yoke. For 2-, 4-, and 6-pole machines, the leakage factor is 
generally assumed. For preliminary calculations, the following values 
may be used : 

4- and 6-pole machines —1.20 

Multipolar machines 20 to 50 in. in diameter =1.20 
Multipolar machine's larger than 50 in. in diameter =1.18 
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The armature ampere-turns per pole 


ATP a 


IgN 
2 pa 


To give stable operation under changing load conditions the ampere- 
turns per pole for the field winding should be approximately 80 per cent 
of the armature ampere-turns per pole. By changing the length of the 
air gap the ampere-turns for the field winding can be adjusted to meet 
this requirement. 

The Open-Circuit Saturation Curve. — The open-circuit saturation 
curve gives the relation between the terminal voltage at no-load and the 
corresponding ampere-turns per pole. The method of calculating the 
ampere-turns for a given voltage has been given above. For the air 
gap, the permeability is constant for all values of induction. The air 
gap ampere-turns will therefore vary directly with the voltage. For 
the remainder of the magnetic circuit, the flux densities must be cal- 
culated by direct proportion for the various voltages. The correspond- 
ing ampere-turns per inch art' taken from the standard saturation 
curve and multiplied by the length of the respective flux paths to obtain 
the ampere-turns per pole. 

Sample Design: Magnetic Circuit. —The armature laminations are 
punched from 29 gauge open-hearth electric sheet steel. The length of 
the armature is divided into sections by 3 radial ventilating ducts each 
l in. wide. The net length of the armature 

In = (10.5 - 3 X 0 375)0 92 = 8. 02 in. 

The flux density at the root of the tooth was checked in the previous 
chapter and found to be satisfactory. The ampere-turns per pole 
required to send the flux through the teeth is calculated as explained 
on page 09. 

ISh = 10.5tt(25 - f X 1.56) = 750 
InSwa = 8.02[tt(25 - $ X 1.50) - 81 X 0.31] = 404 



B t 3 = B t 3 + 2.78at. 


The curve, Fig. 55, shows the values of ampere-turns per inch for various 
values of B t z. For the full-load induced voltage, 200 volts, 

d / 48,300 1onl . 1 r 

Bts = = — — — = 120 kilo-lines per sq. m. 

l n w t 3*8 404 
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From the curve Fig. 55, at = 346 and the ampere-turns per pole for 
the teeth 

AT, = 346 X 1.56 = 540. 

For other values of induced voltage 


E 

230 

260 

285 

310 

Bn’ 

106.5 

120 

131 

142.5 

at, 

112 

346 

640 

1020 

AT, 

175 

540 

098 

1590 



Fig. 55. 


The armature ampere-turns per pole 


ATP a = 


NI a 324 X 1208 


= 5440. 


2 ap 2X6X6 

For this design the ampere-turns per pole for gap and teeth are to be 
approximately 0.85 of the armature ampere-turns per pole. 

AT* + AT, = 0.85 X 5440 = 4620. 


The ampere-turns per pole for the air gap for full-load induced voltage 
are, then, 


AT, = 4620 - 540 = ^ • 
e 3.2 


The length of the air gap required can now be calculated by assuming 
a value for the air gap coefficient k. The air gap density for E = 260, 


B 0 


48,300 

X 25 X 10.5 


58 . 5 kilo-lines per sq. in. 
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Assuming that k = 1.1, 

3.2 X 4080 
“ 1.1 X 58.5 X 10 3 


0.203 in.; use 0.20 in. 


For this gap lengtii 
k = 

and 


0.97 


0.66 + 1.25 X 0.20 


= 1.067 


AT. - j*.S . XlO»X 0-20 X ■ 067 _ ^ 


3.2 


For other induced voltages: 


E 

B 0 

AT a 


230 

51.7 

3450 


200 
58 5 
3900 


285 

64.1 

4280 


The flux per pole 


<t> = 


4>tfd 48,300 X 0.665 


p 6 

= 5350 kilo-lines. 


310 

69.7 

4650 


For a commutating-pole machine and a frequency of 45 cycles 
per see., the armature yoke density should be approximately 75 kilo- 
lines per sq. in. The depth of the armature yoke 


d 


ya — 


</> 

(l — njWu)hBya 


= 8.27 in. 


5350 

(10.5 -3 X 1)0.92 X 75 


The inside diameter of the armature 

Di = D - 2c h - d ya = 25 - 2 X 1.56 - 8.27 
= 13.6 in.; use 13.5 in. 
dya = 25 - 3.12 - 13.5 = 8.38 in. 

5350 .. 

B V a = — — — — = 74.0 kilo-lmes per sq. in. 

8.62 x 8.38 F H 


The armature yoke density is therefore 74 kilo-lines per sq. in., and 
the ampere-turns per inch from the standard saturation curve for open- 
hearth steel, at„a = 9. 

The length of the flux path in the armature yoke 

7 [D - (2 d 8 + K„)]tt [25 - (2 X 1.56 + J X 8.38)1* 
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The ampere-turns per pole for the armature yoke 
AT ya = at yalya = 9 X 4 G = 42. 

The ampere-turns per pole for the armature yoke for various voltages 
are: 


E 

230 

260 

285 

310 

By* 

65 5 

74 0 

81 1 

88 2 

yn 

7 0 

9 0 

13 0 

18 0 

AT„„ 

32 

42 

60 

83 


The field poles for this generator will be built up of sheet steel 
laminations, punched from open-hearth sheets approximately 0.023 in. 
thick. A flux density of 95 kilo-lines per sq. in. is selected for the 
pole body. For machines with half as many commutating poles as 
main poles, slightly lower pole densities should be used because the 
commutating-pole flux returns through the main poles. The leakage 
flux is assumed to be 20 per cent of the useful flux per pole, and the 
axial length of the pole is made equal to the armature length, that is, 

h = 10.5 in. 


The section area of the pole body 

0X 5350 X 1 20 




95 


= G7 0 sq. in. 


The width of the pole body 


s p 07 0 

w p = - = — — = G.44; use G 5 in., 
l\ 10 5 


and B p = 94.1 kilo-lines per sq. in. 

The radial height of the field pole is estimated as explained on page 
72. The approximate field cunent as found from Fig. 48 is 7.G amperes. 
The current density for the field winding conductor is taken from 
Table V. The section area of the conductor for the held winding is then 

7 G 

$/ = 7 — 0.00487 sq. in. 

1500 


A number 13 square double-cotton-covered copper wire is selected from 
the copper table. The space factor for the wire 


0 004G5 
^ ” 0 083 2 


G75. 


The ampere-turns that can be wound per inch of radial pole height are 
890, from Table V. The sum of the ampere-turns per pole required for 
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the gap, teeth, and armature yoke for 230 volts is 3646. The estimated 
ampere-turns per pole for full load 

250 

ATP/ = — 3646 + 30r = 4362. 

2oU 

The radial height of the field pole 

, 4362 

! '- 890 +°-l* 


The inside diameter of the field yoke D y% = D + 26 + 2l p = 25 + 
2 X 0.20 + 2 X 0.47 = 38 34; use 38.5 in. Then l p - 6.55 in. The 
ampere-turns per pole for the field pole for various induced voltages are: 


h 

230 

200 

285 

310 


83 2 

94 1 

103 

112 

Htp 

29 

40 0 

78 

100 

AT;, 

190 

301 

510 

1050 


The field yoke will be east steel, and the density 05 kilo-lines per sq. in. 
The section area 


s vf 


</>X 

£7/ 


5350_XJ_20 

05 


= 98 7 sq. in. 


This is the section area of the field yoke on both sides of the 
diameter. 

The generator is to be part of a motor-generator set, and the bearings 
are to be mounted in pedestals bolted to the base. The extension of 
the yoke beyond the edge of the pole will be 2.5 in., and the axial length 
of the field yoke will be 15.5 in. 

Two times the depth or thickness of the rectangular yoke section 

S y f 98 7 ^ nr' 

dy f — — = — — = 0.3/ ; use 0 5 m. 
i2 15.5 


The flux density in the field yoke 


_ _ 5350 X 1 20 _ ^ 

Syf 6.5 X 15.5 


7 kilo-lines. 


The outside diameter 


Dyo ^ Dyi + dyf = 38 5 + 0 «) — 45 in. 

The length of the flux path is taken on the mean diameter 


lyf ~~ 


(Dy t + ld y/ )T (38 5 + i X 6 5); r 


2 p 


2X6 


= 10.9 in. 
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The ampere-turns per inch of flux path taken from the standard 
saturation curve for cast steel are at ,/ = 19, and the ampere-turns per 
pole for the field yoke 

AT„/ = at yflyf = 19 X 10.9 = 207 

The ampere-turns per pole for the field yoke for various induced 


voltages are: 





E 

230 

260 

285 

310 

Byf 

56.4 

63.7 

69.9 

76.0 

flty/ 

15 

19 

22 

27 

AT f/ 

164 

207 

240 

294 

The total ampere-turns per pole for the magnetic circuit for various 

induced voltages are summed up below. 



E 

230 

260 

285 

310 

AT, 

175 

540 

998 

1590 

AT, 

3450 

3900 

4280 

4650 

AT„„ 

32 

42 

60 

83 

AT, 

190 

301 

510 

1050 

AT,/ 

164 

207 

240 

294 

ATP 

4011 

4990 

6088 

7667 

The open-circuit saturation 

curve 

plotted from these values is 


shown in Fig. 57. 
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ARMATURE REACTION AND FIELD WINDING DESIGN 


Armature Demagnetizing Ampere-Turns. — Figure 56 shows a four- 
pole generator with the brushes shifted from the no-load neutral, a 
distance b,/2 inches of armature circumference. The armature demag- 
netizing ampere-turns per pole, 

ATP* = | b,Q. (67) 


The ampere conductors per inch of armature circumference, 


and 


Q 


J a N 

airD 


hb. 


20ttD 
360p ’ 


where the angle j3 is expressed in electrical degrees. Making the sub- 
stitutions, the demagnetizing ampere-turns per pole, 

AT p = 

SGOpairD 


_ 2/3 I n N 
180 2 pa 

The armature ampere-turns per pole, 

ATP. - M (68) 

and the armature demagnetizing ampere-turns per pole, 

ATPi = tS; ATPo (69) 


To obtain satisfactory commutation in machines without commutating 
poles, the brushes are shifted from the no-load neutral, so that the coil 
sides short-circuited by the brushes will lie in a field strength, at no-load, 

81 
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equal to from 6500 to 13,000 lines per sq. in. The angle corresponding 
to this brush displacement is generally approximately 18 electrical 
degrees. 

When the machine has commutating poles, the commutating pole 
produces the commutating field, and the 
brushes remain in the no-load neutral posi- 
tion for all loads. For commutating-pole 
machines the angle of brush displacement 
is zero and therefore also the armature de- 
magnetizing ampere-turns. 

Armature Cross-Magnetizing Ampere- 
Turns. — All of the armature conductors lying 
outside of the double angle of brush dis- 
placement, 2/3, Fig. 56, set up the armature 
cross-magnetizing field. The flux produced 
by the conductors that do not lie under the 
pole shoe has its path so largely in air that it 
may be neglected. The armature ampere-turns per pole that produce 
the cross-magnetizing field, 



Fig. 56. — Demagnetizing 
and cross-magnetizing am- 
pere-turns of a four-pole 
generator. 


ATP C 


Irfa 


IgN 

QttD 


= fa ATPa . 


hU 


tD JjN 
p dirD 


(70) 


When the magnetic circuit becomes saturated, the reluctance of the 
path of the main pole flux is increased, because of the distortion of the 
air gap flux by the armature cross-magnetizing ampere-turns. In 
consequence, the ampere-turns of the field winding must be increased 
if the useful flux in the armature is to remain constant. 

The method of determining the ampere-turns per pole required to 
compensate for the demagnetizing effect of the armature cross-mag- 
netizing ampere-turns is given by Dr. Arnold and La Cour. 1 Figure 
57 shows the open-circuit saturation curve for a generator. OE is the 
full-load induced voltage (terminal voltage plus the voltage drop in the 
armature, series and commutating field windings and brush contacts) 
and OF is the corresponding number of ampere-turns per pole. 

The m.m.f. across the leading pole tip of a generator is decreased 
by the armature cross-magnetizing ampere-turns per pole, 

ATP C = U ATPa, (71) 

and, as a result, the flux density in the air gap and the voltage induced 
1 1 1 Die Gleichstrommaschine,” Vol. 1, 3rd ed., p. 182, Julius Springer, Berlin. 
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in the conductors under this pole tip are also decreased. The m.mi. 
across the trailing pole tip of a generator is increased by the armature 
cross-magnetizing ampere-turns per pole; as a result, the flux density 
in the air gap and the voltage induced in the conductors under this 
pole tip are also increased, The 
armature cross-magnetizing field will 
have no effect upon the terminal 
voltage of the machine when the in- 
crease in voltage at the trailing pole 
tip is equal to the decrease in voltage 
at the leading pole tip or when the 
area of the triangle cdG is equal to 
the area of the triangle abG, Fig. 57. 

When the area of triangle cdG is equal 
to the area of triangle abG, the line 
bG will be shorter than line cG, 
because the open-circuit saturation 
curve drops off more rapidly above 
the line be than below it. With 
a pair of dividers set equal to 
be = 2/,/ATP„, the line be may bo 
laid off, so that the area of the 
triangle abG is equal to the area of 
the triangle dcG. The bisector of 
the line be, F'G' , gives the voltage that must be induced in the armature 
winding at full-load when the brushes are in the no-load neutral, to 
obtain constant terminal voltage, and OF' is the corresponding number 
of ampere-turns per pole. The number of ampere-turns that must 
be added to the main field ampere-turns, to compensate for the demag- 
netizing effect of the armature cross-magnetizing ampere-turns, 



Ampere-Turns per Pole 
Fm. 57. 


= OF' - OF, Fig. 57. 


(72) 


The areas of the triangles, Fig. 57, can easily be found with a pla- 
nimeter. 

The path of the armature cross-magnetizing field comprises the 
armature core, the teeth and air gap under the pole tips, and the pole 
shoe. The saturation curve for this magnetic circuit can be found by 
calculating the ampere-turns required to send the flux through the 
teeth and air gap, the ampere-turns required to send the flux through 
the armature core and pole being so small that they may be neglected. 
This saturation curve, of the armature cross-magnetizing field, should 
be used to determine the demagnetizing effect of the armature cross- 
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magnetizing field. When the open-circuit saturation curve is used, 
as in Fig. 57, the results will be slightly large. The error is quite small, 
however, and for practical purposes it is more convenient to use the 
open-circuit saturation curve. 

The extent that the no-load field form is distorted by the armature 
field varies widely for different designs. The distortion will, obviously, 
be greater when the armature ampere-turns per pole are high in pro- 
portion to the shunt field ampere-turns per pole. The distorting effect 
of the armature field may be reduced by increasing the reluctance of 
the armature cross-magnetizing field. This can be done by using well- 
beveled pole shoes with large air gaps under the pole tips, by using high 

flux densities in the armature teeth, or by 
building up the pole as shown in Fig. 58. 
With properly designed compensating wind- 
ings in the pole faces, the armature cross- 
magnetizing field may be completely neutral- 
ized. Under these conditions the air gap flux 
distribution curve for the machine will have 
the same shape for full-load as for no-load. 
In order that the leading pole tip for a generator, the trailing pole tip for 
a motor, shall not become completely demagnetized, the ampere-turns 
per pole for air gap and armature teeth for full-load generated voltage 
should be approximately equal to or greater than f d ATP a . The ratio 
of the ampere-turns per pole for air gap and armature teeth to the arma- 
ture ampere-turns per pole is usually as follows: 

AT g + AT f _ 0.75 to 0.95 interpole machine 
ATP a 0.50 to 0.70 compensated machine 

For the method of calculating the length of air gap required to satisfy 
these ratios see the sample designs. 

Shunt and Series Field Ampere-Turns. — Figure 59 shows the 
open-circuit saturation curve of a generator. OA are the ampere- 
turns per pole corresponding to the no-load terminal voltage, OE h and 
OB are the ampere-turns per pole corresponding to the full-load gen- 
erated voltage, OE. To these ampere-turns must be added the ampere- 
turns per pole required to compensate for the demagnetizing effect of 
the armature cross-magnetizing field and the armature demagnetizing 
ampere-turns per pole when the brushes are shifted from the no-load 
neutral. The total ampere-turns per pole on the field winding are then 
equal to OD (Fig. 59). 

For a flat-compounded generator, the voltage across the shunt field 
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winding is practically constant from no-load to full-load, and the shunt 
field ampere-turns per pole arc' the ampere-turns corresponding to no- 
load terminal voltage, OA , Fig. 59. The series held ampere-turns per 
pole are then equal to the total ampere-turns per pole minus the shunt 
field ampere-turns per pole = 01) - OA, Fig. 59. 

For an over-compounded generator, the voltage across the shunt 
field winding is higher at full-load than at no-load. Referring to Fig. 
59, the shunt field ampere-turns per pole for an over-compounded gen- 
erator are (assuming the long shunt connection) 

JN.L. terminal voltage 

The series field ampere-turns per pole are equal to the difference between 
the total ampere-turns per pole and the shunt field ampere-turns per 
pole. Since the effect of the armature 
cross-magnetizing field cannot be ac- 
curately predetermined, it is usual to 
increase the series field ampere-turns 
per pole, determined as given above, 
approximately 20 per cent. The de- 
sired degree of compounding can then 
be obtained by the use of a series 
field shunt. 

For a shunt-wound motor the gen- 
erated voltage in the armature wind- 
ing, E, is equal to the terminal voltage 
minus the voltage 1 drop m the arma- 
ture winding, commutating field wind- 
ing, and brush contacts. The shunt 
field ampere-turns per pole are equal 
to the ampere-turns corresponding to 
full-load generated voltage. 

Design of Field Winding: Shunt Field Winding . — For the shunt 
field windings, single-cotton-covered, double-cotton-covered, enameled, 
and single-cotton-covered enameled wires are used. Asbestos-covered 
wire is used when high operating temperatures are required. The 
section area of the win 1 used is either round, square, or rectangular. 
Cotton-covered wires are sometimes treated with an insulating com- 
pound, by passing the wire through an insulating bath during winding. 
More often, the coils are wound with the dry cotton-covered conductor. 
The completely wound coils are then dried and dipped into a bath of 



Fig. 59. — Total field ampere-turns 
per pole. 
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insulating varnish or treated with an asphaltum compound by the vac- 
uum process. 2 Impregnating the coils with asphaltum compound by 
the vacuum process is more expensive than the varnish treatment, but 



Fig. 60— Main pole and windings, 300-kw , 250-volt, 900-r.p.m generator. 

the asphaltum compound fills the spaces between wires better than 
insulating varnish and gives better heat dissipation. The coils are 
usually wound on a form and completely insulated before being placed 
on the pole. 

2 See “ Insulation and Design of Electrical Windings,” by A P M Fleming 
and R. Johnson, p 68, Longmans, Green & Co , London, also Electrical Journal 
Vol. 22, Feb , 1925, p. 95. 
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A method often used for insulating the shunt field winding from the 
pole for voltages up to and including GOO volts is shown in Fig. 60. 
The insulation between the pole body and shunt field coil is usually 
built up of pressboard or fuller board and is held in place by a wrapper 
of unbleached muslin. Figure GO shows 
a ventilating duct at each end of the 
pole. This ventilating duct is not pro- 
vided on all machines, because for some 
types of construction this duct will be 
practically closed at the yoke end of 
the pole. Ventilating ducts between 
the inside of the shunt field winding 
and the ends of the pole are most effec- 
tive w'hen the yoke length is small. These ventilating ducts are usually 
from \ in. to f in. When heavy shunt field windings are required for 
large generators, a ventilated coil, as shown in Fig. 61, may be used. 

The length of the mean-turn of the shunt field coil can be calculated 
as follows (see Fig. GO) : 



Lf = 2/ 1 + 2 (w p — 2 Wd) + 7 r[df + 2(wa + ^)] in. 
The resistance of the shunt field winding, 


and 


,, L/tfPr . 


. E t 

if = ~~~ amperes. 
Iif 


(75) 


(76) 

(77) 


The ampere-turns per pole on the shunt field winding, 


iftj = 


E t Sf X 10 () 

Lfpr 


(78) 


This equation shows that the number of ampere-turns per pole on the 
shunt field winding are independent of the number of turns per pole, 
but vary directly with the cross-section of the conductor. 

For generators, the shunt field winding is generally designed for a 
voltage from 20 to 30 per cent less than the terminal voltage of the 
machine. Voltage regulation can then be obtained by means of a 
field rheostat. The section area of the shunt field conductor, 


ATP f L f p X 0 82G 
£,(0.70 to 0.80) Xl0° Sq ' m ‘ 


s, = 


( 79 ) 
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The size of wire having this section area is found from the copper table. 
When the calculated conductor section lies half way between two stand- 
ard conductors, half of the shunt field winding may be wound with the 
next larger conductor and the other half with the next smaller conductor. 
When two sizes of wire are used, 


*/ 


+ S/2tf2 
//l + tf2 


sq. in. 


(80) 


The current in the shunt field winding, 

if = s/Af amperes. (81) 


The current density for the shunt field winding is given in Table V. 
The number of turns per pole 


tf = 


ATP / 
if 


(82) 


Since the number of turns per pole on the field winding determines 
the heating, it is well to calculate at this point in the design the expected 



Fig. 62. — Cooling coefficient toi shunt hold \\ Hiding. 

temperature rise. The cooling surface for a field coil without ventilat- 
ing ducts is taken equal to the perimeter of the coil section times the 
mean-turn. The total cooling surface for p coils 

S 1 = 2 {df + h/)l/p sq. in., 
and the surface per watt loss 

S f _ S, 

Wf i f 2 R / ’ 

The temperature rise 

r '-s^ dogr “ 5& 
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C c f = C c + 70(1 — f H )d/ for field coils without ventilating ducts. Here 
C c is a cooling coefficient which varies with the armature velocity; usual 
values for direct-current machines are given in Fig. 62. For field coils 
with ventilating ducts on each end as shown in Fig. 61 one-half of the 
duct surface is added to the cooling surface per coil, and 

C c f = C r + 55(1 -f.)d f . 

When the ventilating duct passes around the entire coil, 

C cf = Co + 35(1 

Here, df is the thickness of the two coils. 

The bare weight of the shunt field copper 

G f = L/lfpsf X 0 321 lb. (83) 

The insulated weight depends upon the kind of insulation on the wire. 
The copper tables give the insulated weights for wires with standard 
insulation. 

Series Field Winding — The series field winding is generally wound 
with rectangular, double-cotton-covered wire wiien the conductor 



Fig. 63. — Complete field coil with wire-wound series coil outside of shunt coil. 

sections is 0.102 sq. in. or less. For larger conductor sections, bare 
strap copper is generally used, with the turns insulated from one another 
by paper about 0.010 in. thick or by air spaces. The series field winding 
is often placed on the outside of the shunt field winding. When bare 
strap is used, it is wound on edge, and the separate turns are insulated 
from one another by air spaces. A shunt field coil with square wire 
series field coil w^ound on the outside is shown in Fig. 63. 



90 ARMATURE REACTION AND FIELD WINDING DESIGN 


The series field current, I,, is equal to the terminal current plus the 
shunt field current when the long shunt connection is used and is equal 
to the terminal current when the short shunt connection is used. The 
number of turns per pole on the series field winding 


t. 


ATP, 

L 


(84) 


The section area of the series field conductor 

Is 

s a = — sq. in. 

8 


(85) 


The current density in the series field copper cannot always be 
chosen as high as the temperature rise will permit, because the efficiency 
is in many cases the limiting factor. For compound-wound generators, 







Fig. 64. — Bare ribbon copper commutating field coil. 

A a can be slightly higher than the values for .1 / given in Table V, and 
for series motors for intermittent duty about 30 per cent higher values 
may be used. 

The mean-turn of the series field coil can be determined from a 
sketch of the coil by a method similar to the one used for the shunt 
field coil. The resistance of the series field winding 

LJsVt 

R - - (86) 

The bare weight of the series field copper 

Gs = L s t h ps s X 0.321 lb. (87) 

Commutating Field Winding . — The commutating field winding is 
connected in series with the armature, and the total armature current 
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flows through the commutating field winding. As for the series field 
winding, rectangular double-cotton-covered wire is generally used when 
the conductor section is equal to 0.102 sq. in. or less. For larger con- 
ductor sections, bare strap copper wound on edge is generally used. 
The turns are then insulated from one another by paper about 0.010 in. 
thick, by cotton tape on the conductors, or by air spaces. The insula- 
tion between the winding and the pole body is generally about ^ in. 
thick and is built up of fuller board or similar insulating material. A 
commutating field coil of bare ribbon copper is shown in Fig. 64. 

The number of turns per pole for the commutating field winding 


, ATP* 

U = ~l 

1 a 

The section area of the conductor 

la . 

Sx = — sq. m. 
A x 


( 88 ) 


(89) 


The current density in the commutating field copper may be approxi- 
mately equal to A f for strap wound coils and to 0.85 A / for wire wound 
coils. 

The length of the mean-turn of the commutating field coil can easily 
be found from a sketch of the coil. The resistance of the commutating 
field winding 

Ri = — ohms. (90) 

St X 10° 7 

The bare weight of the commutating field copper 

G x = L l t l ps l X 0.321 lb. (91) 

Design of the Shunt Field Rheostat. — For full-load and normal 

voltage, 

Ei 

Rf + lit i = — ohms, 
if 

where R r i is the shunt field rheostat resistance for full-load and normal 
terminal voltage. For no-load and normal terminal voltage 

E t 

Rf + Rro = — ohms 

'Ifo 

E t 

Rro = R/ ohms. 

l/o 
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To allow for variations in speed and to permit a reduction in voltage 
below normal 

Rr = 1 25 to 2 0 (y- — R^) ohms. (92) 

The resistance steps for the rheostat can be determined by the 
following graphical method : 3 Curve A , Fig. 05, is the open-circuit 
saturation curve for a generator, with terminal voltage plotted in 
percentage of normal voltage as ordinates and shunt field current as 



Fig. 65. — Construction of field cucuit lesistance curve. 


abscissas. OE m is the maximum voltage that can be obtained when 
the rheostat is all cut out and the generator is self-excited. Oa is the 
shunt field resistance to a suitable scale, and ab is the shunt field resist- 
ance line. The diagonal, Oc , intersects the shunt field resistance line 
at /, and df is the resistance in the shunt field circuit when the terminal 
voltage is E m . The total resistance necessary in the shunt field circuit 
for other voltages can be found by drawing diagonal lines from a number 
of points on the open-circuit saturation curve to the origin. The inter- 
sections of these lines with df extended give the total resistance neces- 
sary in the shunt field circuit for the corresponding voltages. By 

3 “ Graphische Berechnung von Widerstandsregulatoren,” by F. Ilunke, Elek- 
trotechnische Zeitschrift, Vol. 21, 1900, p. 801, and “ Exciter Field Rheostats,” by 
J. F. Formanek, General Electric Review, Vol. 28, Feb., 1925, p. 125. 
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plotting these values of field circuit resistance, as shown in Fig. 65, the 
field resistance curve, B, is obtained. If the field resistance is sub- 
tracted from the values of field circuit resistance shown by Curve B , 
Fig. 65, the field rheostat resistance curve is obtained, as shown in 
Fig. 66. Field rheostats should be so designed that the same variation 
in voltage is obtained for all the buttons on the rheostat, regardless of 
the voltage at which the machine is operating. On the assumption of 
equal voltage increments between buttons, the voltage scale, Fig. 66, 



Rheostat Buttons 

134 1 22 110 98 86 74 62 5( 

Terminal Voltage PerCent 

Fig. 66.— Rheostat resistance curve. 

may be replaced by a scale showing rheostat buttons. Obviously, it 
would be impractical to make the resistance different between all 
buttons of the rheostat, as shown by the curve, Fig. 66. Rheostats 
are generally built up of resistance units, and if a large number of 
these can be made alike, the construction of the rheostat will be greatly 
simplified. The resistance between the buttons of the rheostat can be 
found by subtracting the resistance for any one button from the resist- 
ance of the previous one. This would be a tedious process and would 
involve considerable time. For practical purposes, it is more conven- 
ient to divide the rheostat resistance curve into a number of sections, 
as indicated by X, Fig. 66. Straight lines drawn between these points 
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give a broken curve which nearly coincides with the original. Each 
of these sections then represents a group of rheostat buttons, for which 
the resistance is the same. The resistance of each group can easily be 
found as follows (see Fig. 66): The section of the rheostat resistance 
curve, for example, between 15 and 25 buttons comprises 10 buttons, 
and the resistance variation is from 6 to 10.7 ohms, or 4.7 ohms. Divid- 



ing this value by the number of buttons for the section, 10, gives the 
resistance per button equal to 0.47 ohm. Figure 67 shows the resistance 
between buttons for the various sections of the rheostat. 

Sample Design: Design of Shunt and Series Field Windings . — 
The sample generator is to be designed with commutating poles. The 
brushes will therefore remain in the no-load neutral position and the 
armature demagnetizing ampere-turns will be equal to zero. 

The demagnetizing effect of the armature cross-magnetizing ampere- 
turns is determined graphically as explained on page 83. The arma- 
ture cross-magnetizing ampere-turns per pole = f d ATP a = 0 . 665 X 
5440 = 3620. The graphic construction for the sample problem is 
shown in Fig. 57, and the demagnetizing effect of the armature cross- 
magnetizing field = OF' — OF = 5620 — 4990 = 630 ampere-turns. 

At no-load, the voltage across the shunt field winding will be 230 
volts, and the corresponding ampere-turns per pole are equal to 4020 
(see Fig. 57). At full-load, the voltage across the shunt field winding is 
250 volts. The shunt field ampere-turns per pole 


ATP/ = — - X 4020 = 4370 ampere-turns. 
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The shunt field winding will be designed as shown in Fig. 60, with 
the series field winding on the outside of the shunt field winding. The 
depth of the shunt field coil must first be estimated; for this design, 
0.75 in. will be used. The length of the mean-turn can easily be cal- 
culated from the sketch shown in Fig. 60, which is for the sample 
design. 

Lf = 2Zi + 2 (w p — 2 wo) + 7 r[d/ 2 (wa + a ^)] in. 

= 2 X 10.5 + 2(6.5 - 2 X 0.50) + tt[0.75 + 2(0.50 + 0.10)] 

= 38.10 in. 


The section area of the shunt field conductor 

_ ATP fL f pr _ 4370 X 38.10 X 6 X 0 826 

“ E t ( 0.70 to 0. 80)10 6 ~ 250 X 0.75 X 10 b 

= 0.0044 sq. in. 


A No. 13 square wire has a section area of 0.00465 sq. in. and a double- 
cotton-covered diameter of 0.083 in. This wire will be suitable for the 
shunt field winding. A satisfactory current density for the shunt field 
conductor is 1560 amperes per sq. in. from Table V. The shunt field 
winding current is then 

if = A / X Sf = 1560 X 0.00465 = 7.26 amperes. 

For this current the number of shunt field turns per pole 


AT Vf _ 4370 
i f ” 7.26 


602. 


From a sketch such as shown in Fig. 60 the height of winding space 
h f = 5.23 in. The number of turns per layer 


5.23 
0 083 


63.1; use 62. 


The space for one turn must be allowed in passing from one layer to the 
next; 62 turns per layer will therefore be used. The number of layers 


602 

62 


= 9.72; use 10. 


The number of shunt field turns per pole 


t f = 10 X 62 = 620; 
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the shunt field current 


if 


4370 

620 


7.06 amperes; 


and the current density 

7 06 

A - 1 = -r : = 1518 amperes per sq. in. 

0 . 00405 

The depth of the field coil, d f = 0.083 X 10 = 0.83 in. The cor- 
rected mean-turn 

L f = 38.1 + tt( 0.83 - 0.75) = 38.4 in. 

The resistance at 75° C 

_ L jt f pr _ 38.4 X 620 X 6 X 0.826 
S ~ s, X 10 6 ~~ 0 00465 X 10 6 

= 25.4 ohms, 
and the copper loss 

W f = ifR/ = 7.06 2 X 25.4 = 1265 watts. 

The cooling surface 

S f = 2 (d f + h f )L f p = 2(0.83 + 5.23)38.4 X 6 
= 2800 sq. in., 

and the cooling surface per watt loss 

jS/ _ 2800 _ 2 2 ] 

W s 1205 

It is desirable at this point to check the field winding temperature 
rise. The cooling coefficient is calculated as explained on page 88. 

C ef = C c + 70(1 = 09.2 + 70(1 - 0 075)0.83 

= 88.1 


C cI 88.1 
Sj/Wj _ 2.21 


39.8° C. 


The weight of the shunt field copper 
G f = Ljtfpsj X 0.321 


= 38.4 X 620 X 6 X 0.00465 X 0.321 
= 213 lb. 
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From Fig. 57, the total ampere-turns required on the field winding 
to generate 250 volts at the terminals of the machine at full-load are 
found to be 5020 ampere-turns. The shunt field ampere-turns were 
calculated above and are equal to 4370. The ampere-turns per pole 
required for the series field will be 5620 — 4370 = 1250 ampere-turns. 
For the long shunt connection, the current in the series field winding 
will be equal to the armature current, I a . The number of turns per 
pole for the series field 

1250 

t 8 = — — = 1.03; use 1 . 5 turns. 

1 zu i 

The ampere-turns per pole on the series field will then be 

ATP, = 1207 X 1.5 = 1810 ampere-turns. 

It is generally desirable to use a larger number of ampere-turns than 
the calculations show, to allow for variations in the material of the 
magnetic circuit, inaccuracies in the determination of armature reac- 
tion, etc. 

The series field winding will be placed on the outside of the shunt 
field winding. For a current density of 1800 amperes per sq. in., the 
section area of the series field conductor 

7s 1207 _ 

Tim- 0 072 at| - ,n ' 


A bare, strap copper conductor, wound on edge, will be most suitable 
for this winding. Three strap conductors, 0.219 X 1.00 in., in parallel, 
will be used, each having a section area of 0.210 sq. in. The current 
density is then 


A, 


1207 

3X0 216 


1860 amperes per sq. in. 


From the sketch, Fig. 60, the mean-turn of the series field winding 
can easily be calculated in the manner described for the shunt field 
winding. 

L, = 2 X 10 5 + 2(6 5 - 2 X 0 5) 

+ tt[2(0.5 + 0.10 + 0 83 + 0 5) + 1] + 2 = 49.2, 

where 2 in. per turn is added to the mean-turn of the coil to allow for 
the connections between poles. 
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The resistance of the series field winding at 75° C. 

_ L,f,pr _ 49.2 X 1.5 X 6 X 0.826 
* “ s. X 10 6 " 0.648 X 10 6 

= 0.000564 ohm. 

The voltage drop in the series field winding 

IJi, = 1207 X 0.000564 = 0.682 volt, 

or 0.273 per cent of the full-load terminal voltage. 

It will not be necessary to calculate the cooling surface per watt 
for this type of series field winding, because experience has shown that 
for current densities up to about 2000 amperes per sq. in. satisfactory 
operating temperatures are generally obtained. 

The weight of the series field copper 

G, = L,l,ps, X 0 321 

= 49 2 X 1 5 X 6 X 0 648 X 0 321 = 92 lb. 


The shunt field rheostat resistance is calculated by formula 92, 

ft - 2o 0-"') =2o C^- 25j ) 

= 20.4 ohms. 


The graphic construction, to determine the value of the resistance 
for the various buttons on the rheostat, is shown in Figs. 65, 66, and 67. 



CHAPTER VI 


COMMUTATION AND COMMUTATING POLE DESIGN 

When the commutator segments to which the armature coils are 
connected pass under the brushes, the armature coils are successively 
transferred from one armature path, in which the current has one direc- 
tion, to an adjoining armature path, in which the current is of opposite 
direction. During this period the coils are short-circuited by the brush, 
and the current must be reduced from its original value to zero and 
then built up again to an equal value in opposite direction. 

The time variation of the current in a short-circuited coil may be 
represented diagrammatically as shown in Fig. 08. In this diagram, 
ordinates represent values of current and abscissas represent time. 
Before the coil under consideration enters the commutation period AB y 
the current in it is equal to — i aj and after the completion of commuta- 
tion it must be equal to + i a . The curve showing the time variation 
of the current in the short-circuited coil is called the short-circuit 
current curve. 

Curve 1, Fig. 08, shows the current in the short-circuited coil chang- 
ing at a uniform rate from — i a to + i a . This type of commutation is 
known as straight-line commutation. Straight-line commutation is 
desirable, because it gives rise to uniform current density at the brush 
contact surface, and the brush contact loss is a minimum. 

Curve 2, Fig. 08, shows that the current has been reversed too 
rapidly and reaches a value greater than + i a before commutation is 
completed. For this case, the current may reach its final value without 
sparking, but it may involve local current densities at the brush contact 
surface of sufficient magnitude to produce glowing of the brush, which 
would lead to high commutator temperatures, rapid deterioration of 
the brushes, and excessive brush contact losses. This condition is 
known as over-commutation. 

Curve 3, Fig. 68, shows a case of the current not being reversed 
with sufficient rapidity. The current builds up to a value greater than 
its initial value. This condition may involve excessive local current 
densities at the brush contact surface, which would lead to high com- 

99 



100 COMMUTATION AND COMMUTATING POLE DESIGN 


mutator temperature, excessive loss, and rapid deterioration of the 
brush. This condition is known as under-commutation. 

In the above, no account has been taken of the effect of the mechani- 
cal conditions of the commutator and brushes. In order to secure 
successful commutation, it is necessary to have the best possible con- 
tact between brushes and commutator. A most important require- 
ment in securing such contact is that the mica between commutator 
bars shall not protrude. Where the current passes from the commuta- 
tor to the brush, the commutator copper is eaten away but the mica 
remains. If good brush contact is to be maintained, the mica between 
bars ) lust be worn down mechanically at the same rate that the copper 
is eaten away. If the copper is eaten away more rapidly than the mica 
is worn down, the mica will eventually stand above the copper, and the 
brushes will cease to make good contact, which condition will increase 


the burning action. To prevent the 
mica from protruding above the com- 
mutator bars, it is now generally 
under-cut, so that it is a little below 
the surface of the commutator. 

In addition to eliminating sparking, 
under-cutting the mica allows the use 
of softer brushes. If the mica is left 

flush with the commutator, a brush : 

must be used of sufficient hardness to 

Fig. 

wear down the mica as fast as the cop- 
per is eaten away. Such brushes, how- 



68. — Short-circuit current 
curves. 


ever, have no self-lubricating qualities and are noisy, especially on high- 
speed commutators. Lack of lubrication will cause the brushes to 


chatter and vibrate, leading to bad contact between the brushes and 


commutator and causing sparking. Graphite brushes or carbon brushes 
with considerable graphite in them are extremely good for collecting 
current, but because of their softness they give poor results in wearing 
down the mica. Because of their graphite constituents, these brushes 
are largely self-lubricating and thus ride on the commutator more 
smoothly and much more quietly than ordinary carbon brushes. 

To prevent the commutator from wearing down in grooves and 
forming ridges between the brushes of each brush arm, it has generally 
been the practice to displace all the positive brushes in one direction 
and all the negative brushes in the other direction. But since the 
eating away of the copper occurs only under the brushes of one polarity, 
it has been found better to stagger the brushes in pairs, so that the 
eating away of the copper is equalized over the entire commutator. 
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Sparking at the brushes may also be caused by too high a voltage 
between adjacent commutator bars. The thickness of the mica 
between adjacent commutator bars is generally about fa in. From this 
it might be presumed that a high voltage between bars is permissible. 
It has been found, however, that the maximum volts between adjacent 
commutator bars should generally not exceed approximately 30 volts 1 
for large machines. For very small machines, this value may be con- 
siderably larger. 

Width of Commutating Zone. — The width of the commutating 
zone or portion of the armature circumference where one or more arma- 
ture coils are short-circuited is of importance in calculating the reactance 
voltage and in determining the width of the commutating pole shoe. 

I 



Figure 69 shows two coils of a simplex wave winding. For the position 
of the brushes shown, coil 1 is at the moment of beginning commutation. 
The width of the commutating zone of this coil is determined by the 
position of brushes 1 and 3 relative to the commutator bars to which 
the ends of this coil are connected. The distance the armature must 
move from the time commutator bar 1 comes in contact with brush 1 
to the time when it leaves the brush again is 

(b + 1)A. in., (93) 

where b is the thickness of the brush or its width along the commutator 
circumference, expressed in commutator bars, and 0 r is the commutator 
bar pitch reduced to the armature diameter. Equation 93 would 
give the width of the commutating zone of coil 1, if its commutation 

11 ‘Physical Limitations in D-C Commutating Machines,” by B. G. Lamm6, 
A.I.E.E., Vol. 34, p. 1752, 
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were influenced by brush 1 only. Brush 3 has the effect of reducing 
the commutating zone of coil 1 an amount equal to the difference between 

2 k -j- a 

and 2 — . The width of the commutating zone for one coil in 

V V 

inches of armature circumference is then 

A = [fc + 1 ± = (b + 1 - in. (94) 

After the commutator has moved a distance equal to the width of 
one co nmutator bar, the next coil begins commutation, and the width 
of the commutating zone for the upper or lower part of a slot is 

(b + 1 — — f- til — = ^6 + vi — — in. (95) 

For a full pitch winding, the upper and lower parts of the slot com- 
mutate at the same time, and formula 95 gives the width of the com- 
mutating zone for such a winding When chorded windings are used, 
the conductors in the top part of the slot do not begin commutation 
at the same time as those in the lower part of the slot. This condition 
has the effect of increasing the width of the commutating zone. If 
is the difference in phase of commutation between a conductor in the 
top of a slot and a corresponding conductor in the bottom of a slot, 
expressed in number of commutator bars, then the width of the com- 
mutating zone for either full pitch or chorded windings is 

w c = (b + m + <p - ~J/3 r . (96) 

The difference in phase of commutation for the top and bottom of a 
slot is calculated as follows: 2 

~ U Yl ~ 1} * (« 7 ) 

When \ ( Fi — 1) in formula 97 is greater than K/p, or when o^er- 
chorded windings are used, the value of <p will be negative. The 
effect of the phase difference in commutation upon the width of the 
commutating zone is, however, the same, regardless of the sign of <p. 
The absolute value of <p with the positive sign must, therefore, always 
be used in the formula for w c . 

Formula 96 has been derived for the simplex wave winding. It 

2 “ Die Gleinhstrommaschine,” by Dr. Arnold and La Cour, Vol. 1, 3rd ed., 
p. 248, Julius Springer, Berlin. 
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applies equally well, however, to simplex lap windings and multiplex 
lap and wave windings. 

For a wide commutating zone, the coils under commutation will 
come under the influence of the flux from the main pole tips land the 
commutating pole will be wide, which condition leads to a heavy leak- 
age flux. Experience has shown that the width of the commutating 
^one should not exceed 00 per cent of the neutral zone, where the 
neutral zone is the portion of the armature circumference between two 
adjacent pole tips = (1 — \p)r. 

Reactance Voltage. — The coil undergoing commutation has induced 
in it an e.ini. of self-induction due to the reversal of the current in the 
coil, the self-induced e.m.f. always acting to oppose the change in cur- 
rent. If the short-circuited coil is in inductive relation to one or more 
coils in the same slot undergoing commutation at the same time, there 
is also induced in it an e.m.f. of mutual induction. This voltage of 
self and mutual induction induced in a short-circuited armature coil is 
called the reactance voltage and is the basic cause of sparking. 

The reactance voltage may be expressed by the fundamental 
equation: 

* = (L + M)j t , (98) 

where L is the coefficient of self-induction, M is the coefficient of mutual 
induction, and di/dt is the rate of change of current in the short- 
circuited coil. 

It is convenient to calculate the coefficient of self and mutual induc- 
tion at the same time. For this purpose L' is used as the coefficient of 
self and mutual induction. L' is calculated from the reluctances of the 
flux paths and the magnetomotive forces acting upon the flux inter- 
linked with the short-circuited coil. It is calculated for the case for 
which the top and bottom of a slot, containing only two coil sides, 
commutate at the same time, and is later corrected to take into account 
the actual conditions. To simplify calculations, the flux interlinked 
with the short-circuited coil is divided into four parts: 

(1) The flux that crosses the slot (Fig. 70). 

(2) The flux that passes through the air gap from the top of one 

tooth to the top of the next over the armature length l — U (Fig. 70). 

(3) The flux that passes through the commutating pole shoe and 

the commutating pole air gap twice (Fig. 71). 

(4) The flux that surrounds the coil end-connections. 

The coefficient of self and mutual induction for each of the four 
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flux paths is given by A. Brunt 3 for commutating-pole machines 
as follows: 

L'i = 4. 251 — <« 2 

w, 

2ti — w 9 

L'i = 9.3 5t a 2 (l - I.) logio 

w a 


Vz = 2.03 u f* — 
o% 

L\ = 8. 12 a 2 . 



Fig. 70. — Slot and tooth tip leakage Fig. 71. — Tooth tip leakage path under 
paths. commutating pole. 

For the entire slot, 

7/ = (L'i+ L' 2 + 7/ 3 + L' 4 ) 10 ~ 8 henrys 

= ^ |4.2ol^ + 9.35(1 - L) Iog l0 
10 8 L r u\ u\ 

+ 2 . 031, -7 - - + 8 . 121, honrys. (99) 

d» J 

The rate of change of current in the short-circuited coil is assumed 
to be constant for the entire short-circuit period, that is, commuta- 
tion is assumed to be linear. For one coil only, neglecting the effect 
of the other coils in the slot, the average rate of change of current, 

di _ 2 i a _ 2 i a 2i a Kn s 
dt~ t ~ A ~ A ’ 

Kn e 

where A is the width of the short-circuited zone of one coil expressed 

in commutator bars = b + 1 - - (see formula 94). When there are 

P 

3 “ Design of Auxiliary Poles,” by A. Brunt, Electrical Review and Western 

Electrician, Vol. 59, 1911, p. 510. 
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more than two coil sides per slot, the number of commutator bars that 
must pass under the brush to complete commutation for the coil sides 
in the top or the bottom of the slot are A + m — 1 and the average 
value of di/dt for the coil sides in the top or the bottom of the slot, 


di 

dt 


m 

A + m — 


-Kn a 2i a . 


( 100 ) 


Equation 99 is the equation for the coefficient of self and mutual 
induction when there are two coil sides per slot and when the two coil 
sides of a slot commutate at the same time. When only one part of a 
slot is to be considered, then the value of V must be divided by 2. 
When the coil sides in the top and bottom of a slot do not commutate 
at the same time, the mutual influence of the coil sides in the top and 
bottom of the slot is taken into account by multiplying %L' by the 
factor 

2 - * 

A + m — 1 


When the coil sides per slot commutate at the same time, fp is equal to 
zero, and the value of this factor is equal to 2. When the two parts of 
the slot do not influence each other, <p is equal to A + m — 1, and the 
value of this factor is equal to 1. 

Taking into account the mutual influence of the two parts of the 
slot, the equation for the coefficient of self and mutual induction 
becomes 


V = 


t 2 


2 X 10 8 


[( 2 - + 9 ^ 


ai - ”• + 2 W‘ _ 


w. 




+ 8 


. 12 1 , = 


t 2 


2 X 10 8 


M. 


Substituting the expression for L' and for di/dt into the fundamental 
equation for the reactance voltage, 

Kn,ijt a 2 m 

*' “ 10*~ A + m — 1 M 


Kt a i a = the total number of ampere-turns on the armature = ATP a p, 
therefore, 


e r = 


ATP a j)t a n, m 

10 8 A + m- 1 


( 101 ) 


Formula 101 gives the reactance voltage per coil for machines 
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having as many commutating poles as main poles. When half as 
many commutating poles as main poles are used, the formula must be 
changed to the following form: 

_ ATP apt an s m 

6r ~ 10 8 A + m - 1 


ff 2 - V4.257— + 4.00(27 - /,) log 10 

L \ A + m - 1 / \ w. 


l 021"' - 


w 8 


L r^} + 812Z '_' 


( 102 ) 


Lor the derivation of these formulas, the simplex wave winding 
was assumed. They apply, however, equally well to simplex lap wind- 
ings and to multiplex lap and wave windings. For interpole machines 
the reactance voltage per coil should in general not exceed (> volts. 

Design of the Commutating Pole. — The commutating pole is placed 
between two main poles, so that the coils undergoing commutation will 
cut the flux in the commutating pole air gap. They are generally 
made of cast steel or punched from sheet steel with no special pole 
shoe; that is, the length and width of the polo body are equal to the 
length and width of the pole shoe. For small and medium sized ma- 
chines for moderate voltages with Q less than about 050 ampere-con- 
ductors per inch of armature circumference half the commutating poles 
are often omitted primarily for economical reasons. 4 

In order that the short-circuited coils shall come under the influence 
of the commutating pole, the width of the commutating-pole shoe must 
be equal to the width of the commutating zone: an allowance of from 
1.5 to 2 times the air gap under the commutating pole may be made for 
the fringing of the flux at the tips of the commutating pole. The width 
of the commutating pole 

w t = w c — (1 .5 to 2)5,. (103) 

The commutating-pole width must also be so chosen that the leak- 
age flux will not be excessive. To avoid excessive leakage, the width 
of the commutating pole should generally be not greater than one-half 
the space between adjacent pole tips or 

_ 1 — i/ 

Wi ^ ~~2~ r ‘ (104) 


The width of the commutating pole must further be chosen with 
regard to the armature tooth pitch. With narrow commutating poles, 

4 “ The Number of Commutating Poles Used in Direct-Current Machines ” 
by J. A. Elzi, Electric Journal, Vol. 22, March, 1925, p. 129. 
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the pulsations of the commutating-pole flux caused by the armature 
slots will be large. The pulsations of the commutating-pole flux can 
be reduced by using a large number of slots, that is, by reducing the 
tooth pitch. A large air gap under the commutating pole will also 
help to reduce the flux pulsations. It is, however, not desirable to 
make the air gap very large, for the main pole flux will then penetrate 
the commutating -pole air gap. Narrow commutating poles require 
that the brushes be accurately located in the geometrical neutral posi- 
tion, to avoid the compounding effect of the commutating-pole flux 
In general, the commutating-pole width should be larger than 1.5 times 
the tooth pitch, and if possible, should be a multiple of the tooth pitch 
(see Chapter III, page 46) or, 

Wi 5 1.5 ti. (105) 

The length of the commutating pole is generally chosen from the 
standpoint of economy, for the shorter the commutating pole, the shorter 
will be the mean-turn of the commutating-pole winding and the smaller 
the copper weight, losses, and leakage flux. The length must, of course, 
be so chosen that the flux density in the commutating pole will be 
below the saturation point of the material. The choice of length 
depends also upon the service for which the machine is intended. For 
machines designed for large, fluctuating loads or for variable speed 
motors, for which good commutation is often difficult to obtain, the 
commutating pole is generally made as long as the main pole. For 
normal motors and generators with as many commutating poles as 
main poles, the length 

h = (0 60 to 0 80) Ji. (106) 

For motors and generators with half as many commutating poles as 
main poles, the commutating- pole length is generally equal to the 
main-pole length. 

The commutating-pole air gap must not be so small as to produce 
large pulsations of the commutating-pole flux, caused by the armature 
slot. It must not be made too large so that the main-pole flux will not 
affect the commutating-pole field. In general 

8 % = (1 to 2)5. (107) 

For machines for which good commutation is difficult to obtain, the 
larger air gap will generally be found more satisfactory. 

To obtain straight-line commutation, the voltage induced in the 
short-circuited coil by the commutating-pole flux must, for every 
instant of the short-circuit period, be equal and opposite to the reactance 
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voltage. The reactance voltage is not always a constant value for the 
entire short-circuit period. If straight-line commutation is assumed, 
the change of the current volume for either the upper or lower part of 
the slot can be shown as in Fig. 72a. The following data apply: 

P = 0.163, K = 111, 6 = 2.3, a = 2, p = 4, 

A = b + 1 - a/p = 2.3 + 1 - | = 2.8, 
m = 3, y x = 55, ^ = 0.75, 

A+m — 1 = 2. 8 + 3 — 1= 4.8. 

The current volume of either the top or bottom part of the slot changes 
from +3 i a to —3 i a . From the beginning of commutation, for the slot 
under consideration, to the point 
a, only coil 1 is in short-circuit; 
from a to 6, coils 1 and 3 are in 
short-circuit; from b to c, coils 1, 

3, and 5 are in short-circuit; from 
c to d, coils 3 and 5 and from d to 
e coil 5 are short-circuited. The 
number of commutator bars that 
must pass under the brush, to 
commutate the coils in the top 
or bottom of the slot, is equal 
to A + m — 1 = 4.8, as shown in 
Fig. 72a. 

The reactance voltage in any 
of the three coils in the top of the 
slot, not taking into account the 
influence of the coils in the bot- 
tom of the slot, is shown in 
Fig. 726, the coils being in short- 
circuit during the periods indi- 
cated by 1, 3, and 5. Obviously, the coils in the bottom of the slot 
will have the same reactance voltage as those in the top of the slot, when 
the influence of the two parts of the slot on each other is not taken into 
account. When both top and bottom of the slot are considered together, 
the coils in the bottom of the slot begin commutation ip commutator 
bars before or after those in the top of the slot. Figure 72 c shows the 
reactance voltage for each of the three coils in the bottom of the slot, 
commutation beginning = 0.75 commutator bar after the beginning 
of commutation for the top of the slot. By adding the corresponding 
ordinates of Fig. 726, representing the top of the slot, and Fig. 72c, 
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representing the bottom of the slot, the resultant reactance voltage for 
all the coils of the slot is obtained as shown in Fig. 72d. The ordinates 
of Fig. 72 d represent to a certain scale the reactance voltage of the vari- 
ous coils of the slot. 

In order to induce in the short-circuited coil a voltage equal and oppo- 
site to the reactance voltage, the flux density at each point in the com- 
mutating-pole air gap must be proportional to the reactance voltage at 
that point. To obtain perfect compensation of the reactance voltage, 
the commutating-pole shoe should have the shape of the reactance 
voltage curve, Fig. 72 d, that is, the length of the commutating-pole air 
gap at each point of the commutating zone should be inversely propor- 
tional to the reactance voltage at that point. Obviously, the com- 
mutating-pole shoe will not be built with the shape shown by the curve, 
Fig. 72d, but will have the shape shown in Fig. 
73 a and b. Perfect compensation of the react- 
ance voltage is, therefore, not always possible. 

It is obvious, from what has been stated above, 
that the curve showing the variation of the 
reactance voltage for the commutation period 
of one slot will be of rectangular shape when there are only two coil sides 
per slot and when they commutate at the same time, that is, when <p = 0. 
For such a case, the air gap under the commutating pole will be of the 
same length for all parts of the pole shoe, and the flux density for all 
points in the commutating-pole air gap can be made proportional to the 
reactance voltage. For machines for which commutation difficulties 
are apt to arise, it is therefore desirable to arrange the armature winding 
with only two coil sides per slot, with a full pitch winding (see Chapter 
III). Although beveled commutating-pole shoes are of great help in 
obtaining the best possible commutation, they should be used only in 
cases where difficult commutation conditions exist, because they make 
the machine sensitive to correct brush position. Very good results 
are generally obtained by using a commutating-pole shoe with a 
straight face. 

Commutating-Pole Ampere-Turns. — Formulas 101 and 102 give the 
average value of the reactance voltage per coil. To induce a voltage 
in the short-circuited coils equal and opposite to the average value of 
the reactance voltage, the average value of the flux density in the com- 
mutating-pole air gap, when as many commutating poles as main poles 
are used, must be 




a b 

Fig. 73.— Shapes of com- 
mutating polo shoe. 


<Y X 60 X 10 8 
2t a l& X 12 


Q_ m 
4Z< A + m — 1 


M lines per sq. in. (108) 
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When half of the commutating poles are omitted, the commutating- 
pole flux affects one side of the coil only, and 


e r X 00 X 10 8 
t a l t v X 12 


Q_ m_ 

21 1 A + m 


1 


M lines per sq. in. 


(109) 


The commutating-pole flux, 

<t>l = Bg tl iiv % lines. (110) 

The flux paths of a two-pole generator, with as many commutating 



Fig. 74. — Flux paths in a two-pole d.-c. generator. 


poles as main poles, are shown in Fig. 74. 
commutating-pole air gap 


AT,. 


3 2 ' 


The ampere-turns for the 


(HI) 


The ampere-turns for the remainder of the commutating-pole mag- 
netic circuit can be calculated in the manner described for the main-pole 
magnetic circuit, Chapter IV. 

To the ampere-turns required to send the commutating-pole flux 
through the magnetic circuit must be added the armature ampere-turns 
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acting in the interpolar space. The total ampere-turns per commutating 
pole are then, 


ATP* = ATP a + AT gi + AT ti + AT pi + AT vai + AT vfi . (112) 

When half of the commutating poles are omitted, the commutating- 
pole flux returns through the main pole and main-pole air gap on each 
side of the commutating pole. The ampere-turns required to send the 
commutating-pole flux through the commutating-pole air gap, armature 
teeth under the commutating pole, armature yoke, and the field yoke 
are calculated in the same way as given above for machines with as many 
commutating poles as main poles. To these must be added the ampere- 
turns required to send the flux through the main pole, main-pole air gap, 
and the teeth under the main poles. (Bee footnote, page 70.) The 
sum of the ampere-turns for the various parts of the magnetic circuit plus 
the armature ampere- turns per pole gives the total number of ampere- 
turns required on each commutating pole. 

In order to obtain proper compensation of the reactance voltage at 
all loads, the flux density in the commutating-pole air gap must vary 
directly with the load current, because the reactance voltage varies 
directly with the load current. This can only be obtained when the iron 
parts of the commutating-pole magnetic circuit are unsaturated. For 
normal machines the ampere-turns for the iron parts of the magnetic 
circuit are generally equal to from 0.50 to 1.0 times the air gap ampere- 
turns for the commutating pole. Then, 

ATP, = ATP a + (0.3136^^(1.5 to 2.0). (113) 

Design of Commutator and Brushes. — The number of commutator 
bars is always known as soon as the armature winding is determined, 
because it is equal to the number of armature coils. The commutator 
diameter is generally from GO to 80 per cent of the armature diameter. 
It must be chosen with regard to the peripheral speed and the thickness 
of the commutator bar. 

The commutator peripheral speed is generally about 3000 ft. per min. 
Peripheral speeds of 0000 ft. per min. are used but should be avoided 
whenever possible. The higher commutator peripheral speeds generally 
lead to commutation difficulties. 

The minimum thickness of the commutator bar, the thickness at the 
inside of the commutator, should not be less than 0.0G in., and the 
maximum thickness, the thickness at the commutator surface, should 
not be less than 0.1 in. If the thickness of the mica is in., then the 
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minimum segment pitch is approximately 0.13 in. If a value for is 
assumed, the commutator diameter 



7 r 


The thickness of the brush or its width along the commutator cir- 
cumference may be a determining factor in choosing the commutator 
diameter. Formula 9G shows that the thickness of the brush and the 
commutator bar pitch are factors which determine the width of the 
commutating zone. The thickness of the brush or the number of com- 
mutator bars covered by the brush determines the number of coils 
short-circuited at one time. 

The length of the commutator depends upon the space required by 
the brushes and upon the surface required to dissipate the heat generated 
by the commutator losses. If wd is the width of the brush or its length 
along the axis of the machine, and is the number of brushes per brush 
arm, then the length of the commutator 

l c = nb(wb + |) + C 2 , (115) 

where | in. is the clearance between brushes and depends upon the con- 
struction of the brush holder, and c> is a clearance allowed to stagger the 
brushes, as explained on page 100. This clearance will vary somewhat 
with the size of the commutator, but will generally be from 0.5 in. for 
small machines to approximately 1.5 in. for large machines. Formula 
115 gives the minimum length of commutator, the length required for 
the brushes. If this length gives too small a radiating surface, so that 
the commutator temperature rise exceeds the permissible value, then lc 
must be increased to give sufficient radiating surface, to dissipate the 
heat generated by the commutator losses. 

The total brush contact surface (positive and negative brushes) 

21 a 

S» - (116) 

From the standpoint of commutation, the current density at the brush 
contact should be as high as possible, because the brush contact drop 
increases with increasing current density, Fig. 75. To keep the brush 
contact PR losses small, the current density must be as low as possible. 
The higher the current density the smaller will be the brush contact 
surface and also the brush friction losses. There is therefore one cur- 
rent density for which the total losses at the commutator will be a 
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minimum . The following table gives the current density in amperes 



Fig. 75. — Approximate brush contact drop-carbon brushes. 


per square inch for various kinds of brushes used for direct current 
machines : 


TABLE VI 



Sc lero- 

Amperes 

Contact Drop 
Volts 

Coefficient 

Maximum 

Kind of Brush 

scope 

per Square 

of 

Peripheral 


Hardness 

Inch 

Friction 

Speed 


r 

80 

35 

High 

High 

3,500 

Carbon . < 

1 

1 

50 

45 

Medium 

High 

3,500 


i 

OS 

45 

Low 

Medium 

4,500 


r 

32 

50 

Medium 

Medium 

4,000 

Carbon graphite < 

1 

i 

49 

55 

Very high 

Low 

5,500 


l 

30 

45 

Low 

Medium 

4,000 



55 

50 

High 

Low 

5,500 

Graphite . 


40 

50 

High 

Low 

5,500 


10 

65 

Very high 

Low 

10,000 



17 

65 

Low 

Low 

6,000 


r 

12 

100 

Very low 

Very low 

4,000 

Metal graphite 


11 

125 

Exceptionally low 

Very low 

4,500 



8 

125 

i 

Exceptionally low 

Very low 

4,000 
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Contact Coefficient 

Drop of Friction 

Very high 2.6 and over 0.27 and over 

High 2.0 to 2.5 0.22 to 0.26 

Medium 1.4 to 1.9 0.17 to 0.21 

Low 1.0 to 1.3 0.12 to 0.16 

Very low 0.7 to 0.9 0.07 to 0.11 

Exceptionally low 0.3 to 0.6 


The current densities given in the table arc for normal load and nor- 
mal operating conditions. The brush contact drops are the voltage 
drops at both brushes (positive and negative) at rated carrying capacity, 
for a brush pressure of 3 lb. per sq. in., and a peripheral speed of 3000 ft. 
per min. The values given for the coefficient of friction are for a brush 
pressure of 3 lb. per sq. in. and a peripheral speed of 3000 ft. per min. 

The thickness of the brush or its width along the commutator circum- 
ference is determined from the number of bars covered by the brush. 
To reduce the length and cost of the commutator, it would be desirable 
to use a thick brush. But this is not possible, because of the effect of 
the brush thickness upon commutation and upon the commutating-pole 
width. The thickness of the brush is generally from 1 to 3 ?, times the 
commutator bar pitch. For very low voltage machines with wide com- 
mutator bars, the thickness of the brush may be even less than the com- 
mutator bar pitch. For multiplex windings the brush should cover more 
than jjl commutator bars to insure even distribution of line* current. 

The total width of the brushes per brush arm 


n h w b = 


S h 

nJ) t 


(117) 


A small area of contact between commutator and each brush generally 
gives a better contact. The contact surface for each brush is generally 
from 1 to 2 sq. in., and the width of each brush is generally not over 2 in. 
When determining the thickness and width of the brush, the standards 
recommended by the A.I.K.K. 5 should be followed. 

For Width of Brushes and Diameter of Bound Brushes 

Up to 1 in. inclusive, increase by slops of in. 

Over 1 in. to in. inclusive, increase by steps of £ in. 

Over 2 J in., increase by steps of \ in. 

Diameter of all round brushes, increase by steps of j (T in. 

Note. — F or widths, \ in. steps are to be used whenever possible. 

5 A.I.E.E. Proc., July, 1917, Vol. 30, p. 606. 
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For Thickness of Brushes 

Up to 1 in. inclusive, increase by steps of A in- 

Over l in., increase by steps of 1 in. 

Note. — Whenever possible, J in. steps are to be used above \ in. in thickness. 

Sample Design: Design of Commutator and Commutating Poles . — 
The commutator diameter is generally from 60 to 80 per cent of the 
armature diameter. Choosing 65 per cent, in order that the peripheral 
speed will not be too high, 

D c = 0.65D = 0.65 X 25 = 16.25 in.; use 16.0 in. 

The armature winding for this design has four conductors per slot 
and one turn per coil. Each conductor is, therefore, one-half of a coil 
and the number of armature coils and commutator bars, 

K = 2 X 81 = 162. 


The commutator bar pitch, 

7 tD c 7T X 16 




102 


= 0.31 in. 


and 


25 


p r = 0.31 — = 0.485 in. of armature circumference. 
16 


If the brush covers 2.5 commutator bars, the thickness of the brush, 
b t = 2.5 X 0.31 = 0.775 in. 

Use a brush 0.75 in. thick, and the number of bars covered, 

* _ 2 iZ 5 _ 2,12. 
o.:u 


The armature winding is not a full pitch winding, therefore, 

V = - - UVi -1) = ^-§(53-1) 

p 6 

= 1.0. 

The width of the commutating zone is calculated by formula 96, 
w c = (b + m + (p - ^jp r = (2.42 + 2 + 1 - ^ 0.485 
= 2.14 in. of armature circumference. 
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The width of the neutral zone, or the space between adjacent pole 
tips 

= (1 -*) T = (1 — 0.66)13.1 = 4.45 in. 

The ratio of the commutating zone to the neutral zone 
2.14 

= — — = 0.481 or 48. 1 per cent. 

4.45 


The brush thickness selected is therefore satisfactory, as it is gen- 
erally desirable to keep the ratio of commutating zone to neutral zone 
equal to or less than 0.50. 

The mica of the commutator is to be under-cut, so that a medium 
hard or soft brush with self-lubricating qualities will be satisfactory. 
Choosing a current density of 65 amperes per sq. in., the total brush 
contact surface 



2 X 1207 
65 


37 . 1 sq. in. 


The total width of the brushes per brush arm 
S b 37.1 


n b Wh = 


n a b t 6 X 0.75 


= 8.25 in. 


With a brush width equal to 1.5 in., 6 brushes per arm are required, 
and the length of the commutator 

lc ^ Ub(wb + J) + C2 = 6(1.5 + J) + 1.0 
= 10.75 in.; use 11 in. 

This commutator length will be satisfactory if the radiating surface is 
large enough to dissipate the heat generated by the commutator losses. 
The method of calculating the commutator radiating surface is given in 
Chapter VII. 

The length of the commutating-pole air gap 
5i = (1 to 2)5 = (1 to 2)0.20 
= 0.20 to .40; use 0.25 in. 

The width of the commutating pole 

Wi = w c - (1 .5 to 2)5, = 2.14 - (0.375 to 0.50) 


= 1.765 to 1.64 in. 


= 1 - ^ 
Wi < — — r 


1 - 0.66 


13.1 = 2. 23 in. 


Wi > 1.5h = 1.5 X 0.97 = 1.45 in. 
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The commutating-pole shoe is therefore made 1.75 in. wide and the pole 
body is the same width. 

Since as many commutating as main poles are used, the length of 
the commutating poles 

U = (0.60 to 0.80)Zi = (0.60 to 0.80)10.5 

= 6.3 to 8.4 in.; use 7.0 in. 


The reactance voltage per coil is calculated by formula 101. The 
data required for this formula are: 

ATP tt = 5440, p = 6, * o =1.0, n, = 15, m = 2, 6 = 2.42, 

A = b + 1 - - = 2.42 + 1 - £ = 2.42, <p = 1.0, 

V 

1=10 5, d, = 1.56, w, = 0.31, U = 7.0, /i = 0.97, 
w t = 1.7.3, = 0 . 25, l, = La -1 = 27.1 - 10.5 = 16.6 

4.25 l- = 4.25 X 10.5^ = 224 
w, 0.31 

9.35(1 — 1.) logio 2 -— — = 9.35(10.5— =23.6 
w 8 0.31 


2.031.^ r-’"- - 2.03 X 

8 , 0 . 2o 


8.12/„ = 8.12 X 16.6 = 135 


81.9 


2 - 


<P 1.0 

- = 2 1.708 

A + m. — 1 2.42 + 2-1 

M = 1.708(224 + 23.6 + 81.9) + 135 = 698 

_ ATI > „pf„n, m 

10* A + m — 1 

5440 X 6 X 1 X 15 2 

“ 10* 2.42 + 2 - 1 698 


= 2.01 volts. 


The flux density in the commutating-pole air gap 

= e r X 60 X 10 8 2.01 X 60 X 10 8 

oi ~ 2 talv X 12 2 X 1 X 7 X 5890 X 12 

= 12,200 lines per sq. in. 
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The air gap coefficient for the commutating-pole air gap is calculated 
by formula 46, in the same way as for the main-pole air gap : 

h 0.97 

w n + (ydi) 0.66 + (1.0 X 0.25) 

= 1.065. 


The ampere-turns for the commutating-pole air gap 

B ai 8ik 12,200 X 0.25 X 1.065 
Alflt “32” 32 

= 1015 ampere-turns. 

These are the ampere-turns required for the commutating-pole air 
gap, to obtain straight-line commutation at normal load. When the 
ampere-turns for the remainder of the magnetic circuit are neglected 
when calculating the commutating-pole ampere-turns, and especially 
for machines designed for overload capacity, practice has shown that it is 
desirable to increase the commutating-pole air gap ampere-turns from 
1.5 to 2 times. For normal loads, slight over-commutation will then 
result. If the commutating field is found to be too strong, it may be 
reduced by increasing the commutating-pole air gap length or by means 
of a shunt across the commutating field winding. 

The ampere-turns per pole for the commutating field winding 

ATP; = ATP„ + 1.5 XTgi 
= 5440 + 1.5 X 1015 
= 6960. 


The number of turns per pole for the commutating field coil 
ATP; 6960 


ti = 


la 


1207 


= 5.76; use 5.5. 


The section area of the conductor, for a current density of 1300 
amperes per square inch, 

I a 1207 


Si 


Ai 1300 


0.93 sq. in. 


Three strap copper conductors, 0.25 X 1.25 in., wound in parallel, 
will be used. Each conductor has an area of 0.305 sq. in. The current 
density for the commutating field winding 




1207 


3 X 0.305 


= 1320 amperes per sq. in. 
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The coil is wound, as shown in Fig. 76, and the mean-turn 
Li = 2 X7 + 1 r(1.25 + 1.75 + 1) + 1.0. 

= 24.8 in., 




Fi«. 77. 

The resistance of the commutating field winding at 75° C. 

_ L,t,pr _ 24.8 X 5 . 5 X 6 X 0 . 826 
' " s, X 10*’ _ 0.915 X I0 li 

= 0.00074 ohm; 
and the voltage drop 

f„It, = 1207 X 0.00074 = 0.892 volts, 

or 0.357 per cent of full-load terminal voltage. 

The weight of the commutating field copper 

G, = L.t.psi x 0.321 

= 24.8 X 5.5 X 6 X 0.915 X 0.321 
= 241 ll>. 

The sketch of Fig. 77 shows the clearance between the series and com- 
mutating field windings in the interpolar space. 
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LOSSES, EFFICIENCY, AND TEMPERATURE RISE 

The losses to be considered in direct-current motors and generators 
are: 

(1) Copper losses in armature and field windings. 

(2) Core or iron losses in the armature teeth and yoke. 

(3) Brush contact (PR) losses. 

(4) Field and armature rheostat losses (when present). 

(5) Mechanical losses — bearing friction, brush friction, and 

windage. 

In addition to the losses given above, there are the indeterminate load 
losses, which may be of importance and which vary with the design 
of the machine. Because there is no satisfactory method available by 
which to determine these losses, the Standards of the A.I.E.E. recom- 
mend that they be taken equal to 1 per cent of the output for direct-cur- 
rent generators and motors, except for motors 200 hp, 575 r.p.m. and 
smaller, in which cases they shall be omitted. 

In accordance with the Standards of the A.I.E.E., the copper losses 
for all windings are to be calculated for a temperature of 75° C. for all 
loads. 

Armature Copper Losses. — The resistance of the armature winding 
has been calculated, page 03, Chapter III. The armature copper loss 

W a = I a 2 Ra . (118) 

For a generator the armature current is equal to the terminal current 
plus the shunt field current, and for a motor it is equal to the terminal 
current minus the shunt field current. For a motor the armature copper 
losses will then vary with the square of the load, whereas for a generator 
they will not do so because of the shunt field current, which does not 
vary directly with the load. Except for machines for which the shunt 
field current is a large percentage of the load current, the armature 
copper losses may be taken as varying with the square of the load for 
both generator and motor. 


120 
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Commutating Field Copper Loss. — The commutating field winding 
and the compensating winding, when used, are connected in series with 
the armature winding, so that the armature current flows in the commu- 
tating field winding and compensating winding. The resistance of the 
commutating field winding has been calculated, page 119, Chapter VI. 
The copper loss in the commutating field winding 

Wi = Ia 2 Ri, (119) 

and varies with the square of the load. 

Series Field Copper Loss. — The series field winding is connected in 
series with the armature winding and commutating field winding. For 

the long shunt connection the series field current is equal to the arma- 
ture current, h, whereas for the short shunt connection it is equal to 
the line current, I. The series field resistance was calculated, page 97, 
Chapter V. The series field copper loss for long shunt, 

W 8 = I a 2 R„ (120) 

and for short shunt, 

W s = PRs. (120a) 


Shunt Field Copper Loss. — The shunt field resistance was calculated, 
page 90, Chapter V, and the shunt field copper loss 

117 = irR f . (121) 

When a rheostat is connected in series with the shunt field winding, the 
rheostat losses must be included with the shunt field copper losses, when 
calculating the efficiency. For the long shunt connection the voltage 
across the shunt field is equal to the terminal voltage, but for the short 
shunt connection it is equal to the terminal voltage plus the drop in the 
series field winding. The drop in the series field winding is generally 
quite small and for either long or short shunt connection the shunt field 
copper loss plus the rheostat losses 


11 / *f H r = 'l/Et* 

Brush Contact Losses. — The brush contact (I 2 R) losses depend upon 
the condition of the commutator and upon the quality of commutation 
obtained. It is therefore very difficult to predetermine accurately the 
brush contact (PR) losses. The A.I.E.E. Standards recommend that 
2 volts shall be assumed for the drop at the brush contacts, for both 
positive and negative brushes, for carbon and graphite brushes with pig- 
tails attached. A total drop of 3 volts is recommended for brushes with 
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no pigtails attached, 
is then, 


The brush contact loss for brushes with pigtails 
W» = 7 a 2. (122) 


Core Loss. — The iron losses in electric sheet steels consist of the 
hysteresis losses and the eddy current losses. In rotating electric 
machines, there are, in addition to the hysteresis and eddy current losses 
in the laminated armature core, pole face losses that are due to the flux 
pulsations produced by the armature slots, band losses, losses due to 
punching and bending strains in the laminations, losses due to imperfect 
insulation between the laminations (caused by burs or slot filing), and 
losses in the endframes due to stray fluxes. Since these additional 
losses cannot be easily calculated, the core loss calculations should be 
based upon the results obtained from tests on similar machines. 

A variety of electric sheet steels are available for the armature 
laminations of direct-current machines. Silicon in steel increases its 
specific resistance and decreases the eddy current losses, but also decreases 
its permeability for high flux densities; it also makes it non-aging. Sheet 
steel, alloyed with silicon, is more expensive than open-hearth steel, and 
the cost increases as the thickness of the sheet decreases. More com- 
plete information on the properties and testing of electric sheet steels 
can be obtained from Thomas Spooner's splendid book. 1 The effi- 
ciency and cost will therefore generally determine the kind of steel to be 
used for the armature laminations. 

Curves showing the total loss per pound, due to the fundamental 
frequency fluxes, are given in the Appendix for various grades of electric 
sheet steel. These curves are the results of tests conducted on samples 
in the Electrical Engineering Laboratories of the University of Minnesota. 
The standard method of the American Society for Testing Materials 
was used. 

The iron loss for the armature teeth and yoke must be calculated 
separately, because the flux densities are not the same. Eor the arma- 
ture yoke, the flux density is assumed to be uniformly distributed over 
the section area, and the flux density is calculated as shown on page 09, 
Chapter IV. The frequency of the flux reversals is calculated by for- 
mula 15. From the proper curve in the Appendix, the iron loss per 
pound can be found which, when multiplied by the weight of iron in the 
armature yoke and frequency correction factor, gives the core loss in the 
armature yoke due to the fundamental frequency flux. 

The flux density is not the same for all sections of the armature teeth 

1 “ Properties and Testing of Magnetic Materials,” McGraw-Hill Book Co., 
New York. 
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because of the tooth taper. The loss in the armature teeth is calculated 
for the density, at a section £ slot depth from the minimum tooth width. 
The loss per pound, taken from the proper curve in the Appendix, 
multiplied by the weight of iron in the armature teeth and the fre- 
quency correction factor, gives the core loss in the armature teeth, due 
to the fundamental frequency fluxes. The sum of the loss in the teeth 
plus the loss in the yoke, calculated as just explained, is the total 
armature core loss, due to the fundamental frequency fluxes only, and 
does not include the additional losses. The total armature core loss 
can be found by multiplying the sum of the tooth and yoke losses (due 
to the fundamental frequency flux) by a factor which is generally 
between 1.8 and 3.5. This factor should be determined from tests of 
similar machines. When such data arc not available, 2.5 may be used. 

Brush Friction Loss. — The brush friction loss depends upon the brush 
pressure, the peripheral speed of the commutator, and the coefficient of 
friction between commutator and brush. It may be calculated approx- 
imately by the following formula: 

W r b f = PSbC/Vc X 0 0226 watt, (123) 

where P is the brush pressure in pounds per square inch and is generally 
from 1.5 to 2 lb. per sq. in., and c f is the coefficient of friction and is gen- 
erally from 0.15 to 0.25 for carbon and graphite brushes. Tests on new 
machines show wide variations in brush friction loss, because the com- 
mutator and brushes do not have the smooth surfaces that come after 
continued operation. For this reason, the American Institute has 
adopted conventional values for the brush friction loss, based upon 
tests of a large number of machines, which are to be used in calculating 
efficiencies. For carbon and graphite brushes, the brush friction loss 
is to be taken as 8 watts per square inch of brush contact per 1000 ft. 
per min. peripheral speed, and for metal graphite it is to be taken as 5 
watts per square inch of brush contact per 1000 ft. per min. peripheral 
speed. 

Friction and Windage Loss. — Like the brush friction, the bearing 
friction depends upon the pressure on the bearing, the peripheral speed 
of the shaft at the bearing, and the coefficient of friction between bearing 
and shaft. The bearing friction can be calculated 2 when the bearing 
dimensions are known. The windage losses cannot be calculated sep- 
arately; they depend largely upon the construction of the armature. 

a “Die Gleichstrommaschine,” Vol. 1, p. 607, Julius Springer, Berlin, and 
“Electric Machine Design,” by Gray, p. 97, McGraw-Hill Book Co., New York. 
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The friction and windage losses are generally not separated and 
are determined from tests of similar machines. When such data 



Velocity - Ft. per Min. 

Fig. 78 . — Approximate friction and windage losses for d.c. generators and motors. 


are not available, they can be estimated with the help of the curves, 

Fig. 78. 
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Efficiency. — The efficiency is the ratio of the output to the output 
plus all the losses. It is expressed as follows: 


off. = 


Output X 100 

Output + W. + Wi + W. + W f + W r \ Per CCnt ' 
+ Wc + w„ + Wtf + W /w + w. 


TABLE VII 


CoMMUTATING-POLE GENERATOR EFFICIENCIES 


Kilowatts 

Speed, 
Revolutions 
per Minute 

Efficiencies 

Full Load 

J Load 

2 Load 

31 

1750 

80.0 

79.5 

78.0 


1150 

79.5 

79.0 

76.0 

12 

1750 

86.0 

84.5 

81.5 

12 

750 

83.0 

82.5 

81.0 

15 

575 

83.0 

83.5 

81.2 

20 

900 

86.6 

86.0 

83.5 

20 

750 

85.1 

84 9 

83.3 

20 

575 

85.5 

85.2 

83.5 

25 

900 

80.7 

86.5 

84.7 

25 

750 

86.1 

86.0 

84.5 

25 

575 

86.5 

80.5 

84.7 

30 

1150 

88.0 

87.7 

85.0 

30 

750 

87.5 

87.0 

85.8 

30 

575 

87.5 

87.1 

85.9 

50 

1150 

89.1 

88.6 

87.3 

50 

750 

88.3 

88.0 

86.4 

75 

1150 

90.2 

89.6 

87.6 

75 

725 

89.6 

89.2 

88.0 

100 

1150 

90.6 

90.2 

88.6 

100 

725 

90.2 

90.0 

88.3 

125 

1000 

91.0 

90.5 

88.8 

125 

725 

90.2 

90.0 

88.4 

150 

1000 

91.0 

90.0 

88.5 

175 

1000 

' 91.2 

90.3 

88.5 
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For constant-speed and constant-potential machines, the efficiency 
will be a maximum for that load for which the sum of the constant losses 
is equal to the sum of the variable losses. Direct-current generators 
and motors are designed, whenever possible, to have maximum effi- 
ciency at from f to full-load. Usual efficiencies for 250-volt, compound- 

TABL15 VIII 

Constant-speed D -C. Motor Efficiencies 


Rated 

Horsepower 

Rated Full-load 
Speed, Revolu- 
tions per Minute 

Efficiencies 

4- Load 

^ Load 

•2 Load 

5 

1750 

83 0 

82 0 

77 0 

5 

1150 

82 5 

81 5 

77 0 

5 

850 

80 0 

80 0 

70 0 

10 

1750 

81 0 

83 0 

78 0 

10 

1150 

8G 0 

8(5 0 

81 0 

10 

850 

85 5 

85 0 

81 0 

20 

1750 

80 5 

80 0 

84 0 

20 

1150 

88 5 

88 5 

81 0 

20 

850 

88 0 

87 5 

83 0 

30 

1750 

88 0 

88 0 

85 0 

30 

1150 

89 5 

89 5 

85 0 

30 

850 

88 4 

88 2 

80 5 

50 

1750 

90 0 

88 0 

80 0 

50 

1150 

90 1 

90 0 

88 3 

50 

850 

90 5 

90 5 

88 9 

75 

1150 

91 0 

91 4 

89 9 

75 

850 

91 5 

91 2 

89 7 

100 

1150 

91 4 

91 0 

89 2 


wound, commutating-pole, direct-current generators are given in Table 
VII. Table VIII gives the efficiencies for 230-volt, commutating-pole, 
constant-speed, general-purpose, direct-current motors. 

Temperature Rise. — The temperature rise of each of the various 
parts of continuous or short-time rated direct-current machines, above 
the temperature of the cooling medium, shall not exceed the values 
given in Table IX. 3 

3 From A.S.A. Standards, C50, March, 1943. The complete Standard, C50, 
may be obtained from American Standards Association, 70 East 45 St., New York 17, 
N. Y. 
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Class A insulation consists of cotton, silk, paper, and similar organic 
materials when impregnated or immersed in oil; also enamel, as applied 
to conductors. 

Class B insulation consists of inorganic materials, such as mica, 
asbestos, and fiber glass or combinations of these. If Class A material 
is used in small quantities in conjunction, for structural purposes only, 
the combined material may be considered as Class B, provided the 
electrical and mechanical properties of the insulated winding are not 
impaired by the application of the temperature permitted for Class B 
materials. 

It is therefore important that the designer be able to predetermine 
accurately the maximum temperature rise for all parts of the machine, 
in order that maximum output for a given amount of material may be 
obtained. The temperature rise, however, is not the limiting factor 



Fit;. 79. 


for the output, for all machines. For reasonably well ventilated ma- 
chines, commutation or efficiency, or both, may be the limiting factor 
rather than temperature. 

The losses in the various parts of electrical machinery are converted 
into heat, which produces a temperature rise above that of the surround- 
ing air. The value of the final temperature depends upon the heat 
capacity of the various insulating materials used and upon the rate at 
which the heat is conducted through the materials to the cooling medium. 
The final temperature is reached when the heat is dissipated as fast as it 
is generated. The theory of the heat flow in electrical machinery has 
been given by a number of authors.'* The temperature rise can be 
determined with reasonable accuracy with the aid of test data on 
machines of similar construction. The general formula for the tem- 


perature rise is 



4 “Die Gleichstrommaschine,” Vol. 1, 3rd od., p. 0(H), Julius Springer, Berlin; 
“ Electric Machine Design,” by Gray, Chapter XI, McGraw-Hill Book Co., New 
York; “ The Cooling of Electrical Machines ” and bibliography, by George K. Luke, 
A.I.E.E. Trans., Vol. 42, 1923, p. 636; “ The Thermal Time Constants of Dynamo 
Electric Machines,” by A. E. Kennelly, A.I.E.E. Trans., Vol. 44, 1923, p. 137. 
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Armature Temperature Rise . — For armatures up to about 16 in. 
in diameter with axial ventilating ducts on the inside of the armature, 
the radiating surface is taken as indicated by the dotted line, Fig. 79, 
and for larger diameters, as shown in Fig. 80. The cooling surface per 
watt loss for Fig. 79 is 


S. 

W a 


rD (l + 2 l e ) + 7 tM + l (£> 2 - 7V)(2 + rid) 
(1 + 0 0005 lv) 

Wa + Wc + Ws 


and for Fig. 80, 

tD(1 + 41.) + irDJ +l(D 2 - D 2 )( 2 + n„)] 

(1 +0 0005 lt>) 

W a ~ W a + W c + W. 


(124 a) 



The factor (1 + 0 00051 v) is given by Dr. Arnold and compensates 
for the increased radiating capacity of the armature, due to rotation. 

The temperature rise of the armature 

Ta = degrees Cl. (125) 

&a/ yy a 

The value of C ca , the cooling coefficient, can be determined only by 
test and will not be the same for any two machines. In the absence of 
accurate test data, the following values may be used: 

C c(1 = 45 to 55 for open-t>pe machines, Fig. 1, Chapter I 
C cn = 55 to 65 for open-type machines, Fig. 16, Chapter I. 

Field Winding Temperature Rise. —The radiating surface for the 
shunt field winding (see Fig. 60) 

Sf = 2(d s + h f )LfP> 
and the surface per watt loss 

Sf _ 2 (d/ + hf)Lfp . 

W s ~ Wf 


( 126 ) 
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When ventilated field coils are used, as shown in Fig. 61, Chapter V, 
the surface of the ducts must be included when calculating the total 
cooling surface. 

When the series field winding is wound at either end of the shunt 
field coil or wound of insulated wire on top of the shunt field coil, the two 
windings may be treated as one winding and the combined cooling sur- 
face calculated. The losses for the calculation of the surface per watt 
must then be the sum of the shunt field and series field losses. 

The cooling surface for the commutating field winding is calculated 
as explained for the shunt and series field winding. 

The cooling constant for the field winding depends upon the insula- 
tion used, the thickness of the field coil, the construction of the machine, 
the temperature of the armature, the number of commutating poles used, 
etc., and can be determined only by test. The cooling coefficient for 
the shunt field winding can be determined as explained on page 88. 

Commutator Temperature Rise . — The cooling surface of the commu- 
tator per watt loss 


Sc _ tDMX + 0.0005K) 

\V C ~ W b + !T b/ 

and the commutator temperature rise 



(127) 


(128) 


For commutating-pole machines with no sparking at the brushes, 
Ccc = 15 to 20. 


When there is sparking at the brushes, it is not possible to calculate 
the commutator losses and the commutator temperature rise. 

Sample Design: Losses , Efficiency } and Temperature Rise . — The 
armature copper losses for full-load 

Wa = Ia 2 Ra = 1 207 2 X 0.00307 

= 4460 watts, 

or 1.49 per cent of the rated output. 

The resistance of the commutating field winding is given on page 119, 
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Chapter VI, and the commutating field copper losses for full-load 
Wi = J a 2 Ri = 1207 2 X 0.00074 
= 1080 watts, 

or 0.36 per cent of rated output. 

The full-load series field copper loss 

W 8 = I a 2 Rs = 1207 2 X 0.000564 
= 820 watts, 

or 0.273 per cent of rated output. 

The copper loss for the shunt field 

W j = ifRf = 7.06 2 X 25.4 
= 1265 watts, 

or 0.423 per cent of rated output. 

Assuming 2 volts drop for positive and negative brushes, the brush 
contact loss for full-load 

Wh = In 2 = 1207 X 2 

= 2414 watts, or 0 . 805 per cent. 

The maximum and minimum width of the armature tooth have been 
calculated (page 68 , Chapter IV), and the average tooth width 

w t \ + w t 2 0.66 + 0.54 
= — = 2 

= 0.60 in. 

The weight of the iron in the armature teeth 

Get = Wt«{l — njWd)k\Sd' X 0.278 

= 0.60(10.5 - 3 X g)0.92 X 81 X 1.56 X 0.278 
= 182 lb., 

where 0 . 278 is the weight per cubic inch of open-hearth sheet steel. The 
flux density at a section -3 slot depth from the minimum tooth width is 
used to calculate the iron losses in the teeth and is equal to 120 kilo- 
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lines (page 75, Chapter IV). The loss per pound for this density is 
found from the loss curve for open-hearth steel in the Appendix and 
is 8 watts. The frequency of the flux reversals is 45 cycles per sec., 
and the loss in the armature teeth due to the fundamental frequency 
flux 

Wet = 8 X 0.71 X 182 
= 1033 watts. 

The weight of the iron in the armature yoke 
Gey = -[(/;- 2d,) 2 - Di 2 ](l - n d w d )h X 0.278 

= ^ [(25 — 2 X 1.5G) 2 - 13. 5 2 ] (10. 5 - 3 X 1)0.92 X 0.278 
= 559 lb. 

The flux density for the armature yoke is 74 kilo-lines (page 77, 
Chapter IV), and the loss per pound is 3.5 watts. The loss in the 
armature yoke due to the fundamental frequency flux 

Wry = 3.5 X 0.71 X 559 
= 1390 watts. 

The total core loss (see page 123) 

W c = (1033 + 1390)2.5 
= 6000 watts, 

or 2.02 per cent of rated output. 

The brush friction loss will be calculated in accordance with the 

A.l . K.K. recommendation : 

W hf = 8 X 40.5 X 3.77 

= 1 220 watts = 0 . 407 per cent 

From the curves, Fig. 78, the fric- 
tion and windage loss is found to be 
3000 watts =1.0 per cent of rated 
output. 

The stray load losses will be 
taken equal to 1 per cent of the out- 
put rating, which is in accordance 
with the A.S.A. Standards. 

The calculations for the efficiency are shown in Table X, and the 
efficiency curve is shown in Fig. 81. 



Fig. 81. — Efficiency of 300-kw., 250- 
volt, 900-r.p.m. generator. 
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The surface per watt loss for the armature is calculated by formula 
124a: 


s -/>.*) (2+n^J (1 +0.0005 lr) 

W a = W*+Wc+W'l 

. ^ X 25(10. 5+4 X5.17) +7T X13.5 X 10.5+^(25 2 - 13.5 2 ) (2+3 ) J 

(1+0.00051X5900) 

4400+ 6000+3000 


= 1 . 375 sq. in. per watt, 


TABLE X 



Load 

i 

i 

4 

3 

4 

4 

T 

V 

Armature copper 

0.28 

1 12 

2 51 

4.46 

7.00 

Stray load 

0.75 

1 50 1 

2.25 

3.00 

3.75 

Commutating field 

0 07 

0 27 

0 01 

1.08 

1.69 

Series field 

0 05 

0.21 

0 40 

0.82 

1.30 

Brush PH 

0.(>1 

1.21 

1.82 

2.42 

3.02 

Shunt field 

1.27 

1 27 

1.27 

1.27 

1.27 

Core 

0 00 

0 00 

6.00 

0.06 

6.06 

Brush friction 

1 22 

1.22 

1 22 

1.22 

1.22 

Friction and windage. . . 

3 00 

3 00 

3 00 

3.00 

3.00 

Total losses 

13 31 

15.80 

19.20 

23.33 

28.31 

Out put 

75 00 

150.00 

225.00 

300.00 

375.00 

Output plus losses 

88.31 

105.80 

244.20 

323.33 

403.31 

Efficiency 

84.9 

90.5 

92.1 

92.8 

93.0 


and the estimated full-load temperature rise 



W a 


55 

1.375 


40° C. 


The surface per watt for the shunt field winding has been calculated 
(page 96, Chapter V), and the temperature rise 


Crf _ 88.1 

jS , ~ 2.21 

W, 


39.8° C. 



LOSSES, EFFICIENCY, AND TEMPERATURE RISE 

DIRECT-CURRENT DESIGN SHEET 

Generator 


Hp. j 

Watts/r p m 333 


Outside diameter 
Inside diameter 
Total length 
Duets number size 
Length gross 91 
Number of slots 
Slots per pole 
1 ype of winding 
Number of colls 
Turns per coil 
C onductors total 
Conductors per slot 
Total flux 

Distribution constant 
Flux per pole 
Conductor dimensions 
C onductor section 
< urrent density 
I qua -conn no , size 
Coils In slots 
C oils in bar 
One-half mean turn 
Resistance 2 5° C 
Resistance 75° C 
Square inch per watt 
Cal temperature rise 
Ampere conductors per i 
Ampere-turns per pole 


Kw. 300 Volts 230-250 Amps 1200 Rpm 900 Poles 0 
Output constant 1 97 X 10 4 Type Compound-wound Commutating-pole 


Lftective 8 62 
81 
13 5 

Simplex la{) 
1 

324 

4 

48 300 K L 

0 665 
5350 K I 

0 109X0 625 
0 0656 
3070 
27 0 078 X 0 5 
1 and 14 
1 and 2 
27 1 
0 00258 
0 003 )7 

1 375 
40° t 

nch 830 

6440 


M — 0l97 H 

1 H066*- 

J 

+03/-* 

i 

+060* 


+054 - > 




Commutator and brush 


Diameter 

Length 

Peripheral speed 
Number of bars 
Bar pitch 
Thickness of mica 
Volts bar a\ eraKc 
Number of arms 
Amperes per arm 
Brushes per arm 
Size of brush 
C urrent denslt\ 
Square lnoh per watt 


16 0 

Poli-s and Yoke 

Main 

C OMM 

11 0 

Material sheet steel 

0 023 

0 021 

3770 

Body length and width 

10JX6 

7X1 75 

162 

Shoe length and width 

10 X8i 


031 

Pole pitch i 

13 1 


0 03 

Percentage of pole embrace j 

65 8 


18 8 

Pole arc 

H| 


6 

Ah) 

Total air gap length 1 

2X0 20 

2 V0 25 


0 75X1 50 
5% 
0 444 


Armature copper 
Shunt field copper 
Series field copper 
Commutating field copper 
Armature teeth 
Armature yoke 


Tulit-Load Losses 

Friction and windage 
BruBh friction 
Core 

Stray load 
Armature copper 
Shunt field 
Series field 
C ommutatlng field 
Brush contact l*R 
1 otal losses 


* i lu-I oad Resistance Drop 


Armature 
Series field 
C ommutatlng field 
Brushes 
lotal 

Shunt field JR 


3 71 1 48% 
() 68 0 27 
0 89 0 36 
2 00-0 80 
7 28 2 91 
179 


Material yoke 
Outside diameter of >oke 
Insidt diametc r of yoke 
I ength of vokc 
Magnetic section 


t ast Steel 
45 0 
38 5 
15 5 

5X15 5 100 7 


Fifit) winding 

SHI NT 

1 Sl HIT S 

1 ( OMM 

Size of conductor 

No 13 sq 

|3 - 0 219X 1 0 

3 0 25'* 1 25 

Conductor section 

0 00465 

! 3X0 216 

3X0 305 

Amperes 

7 06 

1 1207 

1207 

C urrent density 

1518 

1st 0 

1320 

Turns per pole 

620 

1 5 

5 5 

Length of mean turn 

38 4 

49 2 

24 8 

Resistance 25 C 

[ 21 3 

| 0 000473 

0 00062 

Resistance 75° ( 1 

25 4 

0 000564 

| 0 00074 

Watts loss 

1265 



Square Inch per watt 

2 21 




Y leld leakage constant 


Magnetic C ircuit 
Volts 260 RPM 900 



Section 

Density 

I ength 

AT 

Cap 

825 

58 5 

1 067X0 2 

3900 

lceth 

404 

120 

1 56 

540 

A yoke 

72 3 

74 

1 ( 

42 

Pole 

68 2 

94 1 

6 55 

301 

I yoke 

100 7 

63 7 

10 9 

207 

1 otal i 




4990 

Shunt AT per pole 

full load 



4370 

Series A 1 per pole I 

full load 



1810 


C ommutatlng A I per polo full load 

C OMMU 1ATION 

Bars covered by brush 
Commutating zone at arm surface 
C ommutatlng zone per cent neutral zone 
Reactance volts 

Densltv in commutating pole air gap 


Remarks Armature laminations 0 014 open hearth she < t steel 


Designed by J H Kuhlmann 


Date 
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The surface per watt loss for the commutator for full-load 

_ tFKUJ + O.OOOoIdc) 

We~ Wt+ Wif 

T X 16 X 11(1 + 0.00051 X 3770) 

2414 + 1220 


= 0.444 sq. in. per watt, 


and the full-load temperature rise 


S, 0.444 
W c 


45.0° C. 


An assembly drawing of the generator is shown in Fig. 1. 
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SAMPLE DESIGN 

Sample Design 2: Design of a Constant-Speed, Direct-Current Motor. 
— A 20-hp., 1150-r.p.m., 230-volt, constant-speed, commutating-pole, 
direct-current motor is to be designed. The motor is to be of the 
general-purpose class, with 40° C. continuous-duty rating. The effi- 
ciency of the motor should not be less than 88.5 per cent for rated load, 
voltage, and speed. (See Table VIII, page 126.) 

The motor output 

Kw = hp X 746 = 20 X 0.746 = 14.9 kw 

Kw 14 9 

X 10 3 = — — X 10 s = 12.96 

ft 1 150 

From the curve of output constants, Fig. 22, Chapter II, 

C = 3.8 X 10 4 . 

This motor will be designed with 4 poles, and 

J KwgCp ~ _ a/ 14.9 X 3.8 X 10 4 X 4 
\ft(1.5 to 3.14) \ 1150(1.5 to 3.14) 

= 10.95 to 8.70 in. 

Choose an armature diameter of 10 in., and 

l _ Kw « C _ 14.9 X 3.8 X 10 4 
D 2 n ~ 10 2 X 1150 

= 4.90; use 5.0 in. 

The peripheral speed, 

_ 7T Dn _ 3.14 X 10 X 1150 
v ~ 12 12 

= 3010 ft. per min. 

The frequency of the flux reversals in the armature core 
pn 4 X 1150 oo 

r^eo ■ TVW ■ 38 3 cycleBpereeo - 

136 
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The pole pitch 


r 


ttD __ 3.14 X 10 
p 4 


7.85 in., 


and for 66 per cent pole embrace the pole arc 


B = 0 . 66r = 0.06 X 7.85 = 5.18 in. 



The length of the air gap is estimated with the help of the curve, 
Fig. 25, and the pole shoe is designed as indicated in Fig. 23. The 
approximate method has been used for making the flux plot, which is 
shown in Fig. 82, and the air gap flux distribution factor 


ft = 0.671 
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From the curve, Fig. 20, the air gap density should be approximately 
42.5 kilo-lines per sq. in. The total flux 

4> t = t vDlBg = 3.14 X 10 X 5.0 X 42.5 

= 6670 kilo-lines. 


For a motor the no-load induced voltage, which is equal to the 
terminal voltage, is used in making the calculations for the magnetic 
circuit. The no-load speed must then be used, which is assumed to be 
1200 r.p.m. 

The induced voltage per conductor 

_ cf>t nfd _ 0070 X 1200 X 0 071 
C< _ 60 X 10 8 ~ 60 X 10 8 

= 0.896 volt. 


Since this is quite low, a simplex wave winding can be used to advan- 
tage, and the total number of conductors 



230 X 2 
0 890 


514. 


The minimum number of armature slots should be 9 per pole, or 36. 
The number of armature slots corresponding to the usual tooth pitch, 
0.70 to 1.30 in., is 


7 tT) 7T X 10 

IT = 0 7- 13 


44.9 to 24.2. 


Table III, page 40, Chapter III, shows that, in order to avoid dead 
coils in the armature winding, 2 or 0 coil sides per slot must be used. 
The number of conductors per slot must be a multiple of 2, and if 6 coil 
sides per slot are to be used, a multiple of (i. With 6 conductors per 
slot, too many slots and commutator bars will be necessary; therefore 
12 conductors per slot, with 2 turns per coil, will be used. The total 
number of slots 


« - = 42.8. 

12 


Formula 22 shows that 40 slots can be used only with a dead coil. 
With 39 slots, or 9f slots per pole, it will be necessary to short chord the 
armature coils f of a slot pitch, which is undesirable for commutating- 
pole machines, or to over chord 1 of a slot pitch, which should be avoided 
whenever possible. Forty-one armature slots, or 101 slots per pole, will 
therefore probably be most desirable. 
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The total number of armature conductors 
N = 12 X 41 = 492, 


230 X 2 X 00 X 10 8 
492 X 1200 X 0.671 


6970 kilo-lines. 


The armature is therefore simplex wave wound, with 41 slots, 
12 conductors per slot, and 2 turns per coil. 

The back pitch 

F i = C 8 Y„ + 1 = 6 X 10 + 1 = 61. 

The number of commutator bars 
K = 3 X 41 = 123, 

and 

__ A dr 1 1 23 rfc 1 

Y c = 2 = 2 — = 62. 

p 4 

The front pitch 


F 2 = 27, - Fi = 2 X 62 - 61 


The average voltage between adjacent commutator bars 


Ep 230 X 4 


= 7.48 volts, 


and the maximum voltage 


230 X 4 

30 = „ -1.3 = 14.5 volts. 

123 X 0.671 


The voltage per turn 


2 X 14 5 
4X2 


= 3.62 volts. 


The full-load terminal current 


hp X 746 _ 20 X 746 

E, X eff. “ 230 X 0.885 


= 73.4 amperes. 
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From Fig. 48, for n X kw. = 1.94 X 10 4 , the shunt field current 
should be approximately 1.0 per cent of the armature terminal current, 
or 0.70 ampere. 


I a = 73.4 — 0.70 = 72.7 amperes. 


IaN _ 72 7 X 492 
7T Da ” 7T X 10 X2 


570. 


For v = 3010 ft. per min. and D = 10 in., QA a from Fig. 49 is equal 
to 16 7 X 10 r> , and 

. 16 7 X 10 5 ^ 

A a = = 2930 amperes per sq. m. 



570 


h L 

A a (i 


72 7 


2930 X 2 


= 0 0124 sq. in. 


The conductors are arranged in the slot as shown 
in Fig. 83, and the coils are held in the slot by binding 
bands. From the copper table, a d.c.c. copper ribbon 
is selected which has the following insulated dimensions: 0.079 in. X 
0.216 in. = 0.0125 sq. in. area. The corrected current density 


A a = 


72 7 


2X0 0125 


_ = 2900 amperes per sq. in. 


The dimensions of the slot are then (see Table IV): 

w 8 = (3 X 0 079) + 0 060 = 0 297 in. 

d 8 = (4 X 0 216) + 0 100 = 1 024; use 1 02 in. 

These slot dimensions will be satisfactory if the resulting tooth den- 
sities do not exceed the limits given in Chapter IV. 

The net core length with no radial ventilating ducts 

Z n = 0.92 X 5.0 = 4.60 in. 

The total net section area at the root of the teeth is 

S t 2 = 4 60[tt(10 - 2 X 1.02) - 41 X 0.297] 

= 59.0 sq. in. 

r> 6970 

B t 2 = - — - = 118 kilo-lines per sq. m. 

59 0 

This value is well below the maximum given in Chapter IV. 
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The calculations for the length of one-half the mean-turn of the 
armature coil are (see Fig. 50) : 

d 0.297 + 0.10 

sin a = — = — = 0.518 

<i 0 . 70(5 

a = 31.2° and cos a = 0.855, tan a — 0.005 

fa _ I (p JL jo +2t+ 

p X cos a 

_ 3.14(10 - 1,02) 

4 X 0.855 

= 15.77 in. 


+ 1.5 + 1.02 + 5.0 


The axial length of the armature end connections 
, ir(10 - 1.02) 

l € = — - 0.005 + 0.75 + 1.02 = 3.90 in. 

* X 4 

The resistance of the armature winding at 75° C. 

L„Nr = 15.77 X 492 X 0.820 
“ ” X 10 e ~ 0.0125 X 2 2 X 10° 

= 0.128 ohm, 

and the voltage drop 

I alta ~ 72.7 X 0. 128 = 9.3 volts, 

or 4 . 04 per cent of rated terminal voltage. 

The weight of the armature copper 

G a = L a Ns a X 0.321 = 15.77 X 492 X 0.0125 X 0.321 

= 31.1 lb. 


Open-hearth electric steel 29 gauge is to be used for the armature 
laminations. 


ISh = 5.0tt(10 - £1.02) = 135.5 
l n Sw t3 = 4.G[tt(10 - £4.02) - 41 X 0.297] = 08.6 



•Rfs* = B 13 + 3.12 at. 
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The curve below is for open-hearth sheet steel for fc* = 3.12 and shows 
the relation between the apparent tooth density, B t 3 , and the ampere- 
turns per inch. For 230 volts, the apparent tooth density 



Ampere Turns per inch 


Fig. 83a. 

from the curve above for k t = 3. 12, at = GO, and AT, = 1.02 X 66 = 
67 . 4. For various voltages, 


E 

200 

230 

260 

290 

B a ' 

88.3 

101.5 

114 7 

128 

at t 

18.0 

06 

245 

560 

AT, 

18 

67 

250 

570 


The armature ampere-turns per pole 


ATP a 


72 7 X 492 
2X2X4 


= 2240. 


The ratio of gap + teeth ampere-turns per pole is to be approximately 
0 . 75 times the armature ampere-turns per pole for rated voltage. 

AT, + AT, = 0.75 X 2240 = 1680 


AT„ = 1680 - 67 = 1613 = 

' 3.2 


Bo 


<t>t 

irDlg 


6970 

jr X 10 X 5.0 


= 44 3 kilo-lines per sq. in. 
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Assume k = 1.20 and 


3.2 X 1013 

6 = 77— = 0 . 097 ; use 0 . 10 in. 

1.2 X 44.3 

The coefficient 

k = tl = 0 7ft6 = 1 18 

w,i + (yXS) 0.469 + (1.8 X 0.10) ' ’ 

and the ampere-turns per pole for the air gap 


AT,, = 


44.3 X 0.10 X 1.18 


For other voltages, 


200 

38.6 

1420 


230 

44.3 

1635 


260 

50.1 

1850 


290 

55.9 

2060 


The flux per pole 


4>tfd 6970 X 0.671 


= 1170 kilo-lines. 


For the flux density in the armature yoke 65 kilo-lines is assumed, 


d ya 


(/ — n d w d )lciB U a 5.0 X 0.92 X 65 


= 3.88 in. 

The inside diameter of the armature 
Di = 10 - 2 X 1.02 - 3.88 
= 4.08 in.; use 4.0 in. ; 


Bva 5.0X0.92X3.90 

= 64.3 kilo-lines per sq. in. 

The length of the flux path 

_ (10 - 2 X 1.02 - 0.5 X 3.96)tt 
va ~ 2X4 


= 2.35 in., 
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and the ampere-turns per pole for the armature yoke 
AT yo = at yalya = 6 . 7 X 2 35 
= 15.75. 

For other voltages, 


E 

200 

230 

260 

290 

Byo 

55.8 

64.3 

72 7 

81 

8<t ya 

4.95 

6 7 

9 3 

13 3 

ATyo 

12 

16 

22 

31 


The main poles will be built up of hot-rolled sheet steel punchings. 
The density must not be chosen too high because the commutating-pole 
flux passes through the main poles for machines having one-half as many 
commutating poles as main poles. A density of 85 kilo-lines per sq. in. 
is assumed, and 1.20 is used for the leakage factor. If the length of 
the pole is equal to the armature length, 

_ _ 1170 X 1 20 

Wp ~liB p ~ 5X85.0 


then 


= 3.3 in.; use 3.0 in., 

B p = 93 6 kilo-lines per sq. in. 


From Table V the current density in the field winding conductor 
should be approximately 1330 amperes per sq. in. The value of the 
field current has already been determined as 0 . 70 amperes. 




0 70 
1330 


= 0 000520 sq. in. 


A No. 22 B. & S. gauge, heavy Formvar copper wire, with section area 
of 0.000507 sq. in. and a space factor of 0.66, should be satisfactory. 
From Table V the ampere-turns per inch of hj is 790. The field 
winding ampere-turns per pole, 

ATP/ = AT ff + AT/ + AT^,! -f- 30r 

= 1635 + 6G + 16 + 30 X 7 85 = 1952 

1952 

l v = + 0 10 X 7 85 = 3 26 in. 


This value of l p is satisfactory for the shunt field winding but does not 
allow sufficient space for the commutating-pole winding. The radial 
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pole length is, therefore, increased 25 per cent. Then l p = 1.25 X 
3.26 = 4.1 in., and the inside diameter of the field yoke 

D„ t = 10 + 2 XO. 10 + 2 X 4.1 = 18.4 in. 

Use 18.5 in. and 

l p = 4.15 in. 

The ampere-turns for the pole, for hot-rolled sheet steel 
AT P = at p lp = 45 X 4.15 
= 187. 

For other voltages, 


E 

200 

230 

260 

290 

1 B, 

81 5 

93 6 

106 

118 

utp 

27 5 

45 

98 

250 

ATp 

114 

187 

407 

1038 


The field yoke will he hot-rolled steel, and a flux density of 60 kilo- 
lines per sq. in. is assumed. 

0X 1170 X 1 20 
Svf ~ Byf ~ GO 

= 23.4 sq. in. 

This motor is to be of the bracket type shown in Figs. 16 and 18, 
Chapter I. The axial length of the yoke is taken equal to 10 in., and the 
thickness 

, 34. 

Make this 2.5 in., and 

D V o = D v % + dy f = 18 5 + 2 5 


= 21 0 in. 


The density 


B vf = 


1170 X 1 20 
10 X 2 5 


= 56 1 kilo-lines per sq. in. 


The length of the flux path 

(18 5 + 1 25) ir 
lyS ~ 2X4 


= 7.75 in.. 
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and the ampere-turns for hot-rolled steel 

AT yf = at yflyf = 12 8 X 7 75 
= 99. 

For various voltages, 


E 

200 

230 

200 

290 

Byf 

48 8 

56 1 

63 5 

70 8 

Qiijyf 

10.7 

12 8 

15 8 

20 

AT„ 

83 0 

99 

122 

155 



Fig. 84. — Open-circuit salutation curve. 

The total ampere-turns per pole for various voltages are summed 
below, and the open-circuit saturation curve is shown in Fig 84. 


E 

200 

230 

260 

290 

AT, 

18 

67 

250 

570 

AT, 

1420 

1635 

1850 

2060 

ATyo 

12 

16 

22 

31 

ATp 

114 

187 

407 

1038 

AT 

83 

99 

122 

155 

ATP / 

1647 

2004 

2651 

3854 
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The ratio 


ATP / _ 2004 
ATP fl “ 2240 


0.894, 


which shows that the assumed air gap length is satisfactory (see page 
84). 

The shunt field ampere-turns are taken from the open-circuit satura- 
tion curve, Fig. 84, for 230 volts. 

ATP/ = 2004 ampere-turns. 

The length of the mean-turn for the shunt field coil is calculated as 
explained on page 87 : 

L/ = 2 X 5 00 + 2(3 - 2 X 0. 125) + tt[0 00 + 2(0. 125 + 0. 10)] 

= 18 8 in., 

and the section area of the conductor 

_ ATP / L fV r _ 2004 X 18 8 X 4 X 0.826 
S/ “ E t X 10 (> _ 230 X 10 b 


= 0 00054 sq. in. 


This conductor area falls between the area of a No. 21 and No. 22 
B. & S gauge. To meet the required field winding resistance, part of 
each field coil is wound with No. 21 and the other part with No. 
22 h.f. copper w ire. 

For a current density of 1330 amperes per sq. in., 
if = s f A f = 0.00054 X 1330 
= 0 72 ampere; 


and the number of turns per pole 


tf = 


ATP / 
if 


2004 
0 72 


= 2780 


From Fig. 85, the height of the winding space hf = 3.37 in. The 
insulated diameter of No. 21 h.f. wire is 0.0314 in., and for No. 22 h.f. 
wire it is 0.0281 in. The number of turns per layer for No. 21 wire 


3 37 
0 0314 


= 107; use 106; 


and for No. 22 the turns per layer 


3 37 
0.0281 


120; use 118. 
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Each coil is wound with 8 layers, 100 turns each, of No. 21 wire on the 
inside and 16 layers, 118 turns each, of No. 22 wire on the outside of 
the coil. The turns per pole 

t/ = t/i -j" t/2 == 8 X 106 + 16 X 118 = 2736. 

The resultant conductor section 


, _ Sfltfl + S/2^/2 
/ */l + tf2 


0.000638 X 848 + 0.000507 X 1888 
2736 


= 0.000548 sq. in. 

The depth of the field coil 

d f = 8 X 0.0314 + 16 X 0.0281 = 0.702 in. 



The corrected mean-turn is 19.12 in. The resistance of the shunt 
field winding at 75° C. 


Lft f pr _ 19.12 X 2736 X 4 X 0.826 
8 f X 10° 0.000548 X 10° 


= 316 ohms. 


With 230 volts applied to the shunt field terminals, 


230 

if = — = 0.728 ampere, 
316 


and the ampere-turns 

ATP , = 0.728 X 2736 = 1990 
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The copper loss in the shunt field winding 
W f = i/ 2 R/ = 0.728 2 X 316 
= 167 watts. 

The cooling surface 

S f = 2(0.702 + 3.37) 19.12 X 4 
= 625 sq. in., 

and 

-^-—-3 72 
W, 167 

which is satisfactory (see page 88). 

The weight of the copper 

G f = Lft f ps f X 0.321 = 19.12 X 2736 X 4 X 0.000548 X 0.321 
= 36.8 1b. 

The commutator diameter (see page 111) 

D c = 7.25 in. 

The number of commutator bars 
K = 3X41 = 123, 
and the bar pitch 

„ itD c 3.14X7.25 _ r . 

8 = == == 0.185 m. 

M K 123 


ft = 0.185„ — = 0.255. 
i . 2o 

For a brush thickness of l in., 

A ^ 

b = — — — = 2.03 bars. 

0.185 

The phase difference in commutation 

K 1 fV ^ 123 1 

~2 r ‘ - ^ “~r _ 2 fl _ 1 

= 0.75, 

and the width of the commutating zone 

w c = (l> + m + <p - ^ fir = (2.03 + 3 + 0.75 - ^ 0.255 
= 1 . 35 in. 
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The width of the neutral zone 

= (1 - \j/) T = (1 - 0.66)7.85 = 2.67 in., 


and the ratio of commutating zone to neutral zone 


1.35 

2.67 


0.505, 


which shows that the thickness of brush selected is satisfactory (see 
page 103). 

The mica is to be under-cut, and a medium hard brush is to be used. 
A current density of 50 amperes per sq. in. of brush contact is assumed, 
and 


£ & = 


2 la 
A b 


2 X 72.7 
50 


= 2.91 sq. in. 


The total width of all the brushes per arm 


n b Wb = 


2.91 


n a bt 4x0.375 


1.94 in. 


A brush l in. thick by 5 in. wide will be used, with 3 brushes per arm. 
The total contact surface 


S b = 0.625 X 0.375 X 3 X 4 = 2 81 sq. in. 


The correct value of the current density at the brush contact 


A b 


2 X 72.7 
2.81 


51.8 amperes per sq. in. 


The length of the commutator 

lc = n b (w b + 0.125) + c 2 = 3(0.625 + 0.125) + 0.75 
= 3.0 in. 


The commutating-pole air gap length is chosen equal to the length 
of the main-pole air gap, 

S; = 0.10 in. 

The width of the commutating pole 

w t = w c — (1 .5 to 2)8 t = 1.35 — (1.5 to 2)0.10 
= 1.2 to 1.15 in. 


= 1 - * 
W '<~Y~ T 


1 - 0.66 
2 


7.85 = 


1.34 in. 


w ( > 1.5<i = 1.5 X 0.766 = 1.15 in. 
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Make 

and 


Wi = 1.25 in. 


U = h = 5 in. 

The reactance voltage per coil is calculated by formula 102. 
ATP„ = 2240, p = 4, t. = 2, n, = 19.2, m = 3, 1> = 2.03, 

A = b + 1 - - = 2.03 + 1 - 7 = 2.53, = 0.75, 

P 4 

1 = 5,d.= 1.02, w. = 0.297, li = 5, h = 0.766, 

Wi = 1.25, 5i = 0.10, 1. = L a - 1 = 15.77 - 5 = 10.77 

4.251— = 4.25 X = 73 

w. 0 . 297 


4.66(21 — l x ) login 


2/i - w„ 


w. 


t r r , . 2 x 0.766 - 0.297 , 

= 4.66(2 X 5 - 5) login Q 2Q? = 14.4 

Wi — w, 1 25 — 0 . 297 

1.02 - = 1.02 X5- — — = 48.6 

5 , 0.10 

8.12Z* = 8.12 X 10.77 = 87.5 

tp „ 0 75 


2 - 


= 2 - 


= 1.835 


A + m - 1 “ 2.53 + 3-1 

.1/ = 1 .835(73 + 14.4 + 48.0) + 87.5 = 337.5 
ATI 'J a pn* m 


e r = 


10 8 A + m — 1 
2240 X 2 X 4 X 19.2 


M 


3 


10 8 


2.53 + 3-1 


337.5 


= 0.77 volt. 

The flux density in the commutating-pole air gap 

_ c r X 00 X 10 8 0.77 X 00 X 10 8 

-D ni — 


taltV X 12 2 X 5.0 X 3010 X 12 

= 12,800 lines per sq. in. 
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The air gap coefficient will be the same as for the main pole because 
the air gap length is the same. 


and 


k = 1.18 

_ B gt 8 t k _ 12,800 X 0 30 X 1 18 
01 “ 3.2 3.2 

= 470 ampere-turns. 


The ampere-turns for the iron parts of the magnetic circuit will not 
be calculated separately, but will be taken care of by increasing the 
commutating-pole air gap ampere-turns (see page 111). The total 
ampere-turns per commutating pole 


ATP t = ATP a + 2AT a * 
= 2240 + 2 X 470 


= 3180. 


The turns per pole 

U = 


ATP* 

fa 


3180 
72 7 


43.7. 


For a current density of 1330 amperes per sq. in., 


Si 



72 7 
1330 


= 0 0547 sq. in. 


A rectangular d.c.e. ribbon with insulated dimensions 0.103 X 0.222 
in. and area 0.0280 sq. in. will be used, two conductors in parallel. 
The current density is then 


A x = 


72 7 
0 0572 


1270 amperes per sq. in. 


The height of the winding space is taken from Fig. 85 and is equal 
to 3.5 in. The coil is wound with 3 layers ol 14 turns each, so that 

U = 3 X 14 = 42 turns. 

The mean-turn 


Li = 2 X 5.0 + 2(1.25 - 2 X 0.125) + *-[0.978 + 2(0 125 + 0.10)] 


= 10 5 in. 
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The resistance of the commutating field winding at 75° C. 

R ^ Ljt jpr = 16.5 X 42 X 2 X 0.826 
* ” X 10 6 " 0.0572 X 10 6 

= 0.02 ohm, 

and the voltage drop 

IJt% = 7.27 X 0.02 = 1.45 volts, 

or 0.63 per cent of the rated terminal voltage. 

The copper loss 

I<?Ri = 72. 7 2 X 0.02 

= 106 watts, 

and the cooling surface 

Si = 2(0.98 + 3.5)16.5 X 2 

= 296 sq. in. 


The cooling surface per watt loss is, then, 


*=™-2.70, 
W\ 100 


which shows that the temperature rise of the commutating field winding 
should not be excessive. 

The weight of the commutating field copper 

Gi = L i t l ps l X 0.321 

= 16.5 X 42 X 2 X 0.0572 X 0.321 

= 25.41b. 


The expression for the speed of a direct-current motor is 

Ea X 60 X 10 8 

n = 

4>tNf d 

For any given motor, 


n = -C i 

4>t 


C i 


a X 60 X 10 8 
Nfd 


( 129 ) 
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The induced voltage decreases with increasing load because of the 
resistance drop in the armature, commutating field, and brush contacts. 
If the flux remains constant, the speed of the motor will drop in direct 
proportion with the induced voltage. The flux does not remain constant, 
however, but is decreased by armature reaction. The full-load speed of 
the motor will be lower than the no-load speed if the voltage drop is 
greater than the decrease in flux, and it will be higher than the no-load 
speed if the decrease in flux is greater than the voltage drop. To 
obtain an economical field winding and low field losses, the commutating- 
pole shunt motor is designed with small air gap and a ratio of field 
ampere-turns per pole to armature ampere-turns less than 1.0. A small 
series field winding, called stabilizing winding, must be used to obtain 
stable operation under load. The method of determining the ampere- 
turns required on the series field to compensate for the demagnetizing 
effect of the armature cross-magnetizing field is given on page 83. 
Figure 84 shows the construction for this design. The voltage drop, 
caused by armature reaction, is equal to hi, Fig. 84, Gh being equal to 
FF' . In Fig. 84, hi is equal to 29 volts and tin 1 full-load flux is pro- 
portional to 201 volts. The voltage drop in the armature winding, 
commutating field winding, and brush contacts = 12.8 volts, giving 
for the induced voltage 217.2 volts. The full-load speed without 
series field winding 


E 

ni = n 0 — = 1200 
Ei 


217 2 
201 


1300 r.p.m. 


To obtain a full-load speed of 1150 r.p.m., Ei , the voltage proportional 
to the full-load flux, must be 


1200 

Ei = 217.2 = 226 volts. 

1150 


The series field winding must, therefore 4 , be provided with 300 
ampere-turns per pole; see Fig. 84. 

The number of turns per pole 


is 


300 

72.7 


= 4.12; use 4. 


For a current density of 1500 amperes per sq. in., 


s. = 


la 

A. 


72 7 
1500 


0 . 0485 sq. in. 
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A rectangular d.c.c. copper ribbon with insulated dimensions 
0.185 X 0.345 in. and area 0.0518 sq. in. will be used. This winding is 
wound in one layer over the shunt field winding. 

The mean-turn 

L« = 2 X 5.0 + 2(3 - 2x0. 125 )+tt[0. 185 + 2(0. 7 + 0. 125 + 0. 10)] 
= 21.9 in. 

The resistance of the scries field winding at 75° C. 

__ __ 21,9 X 4 X 4 X 0.820 

8 ~ $ 8 X 10° ” 0.0518 X 10 6 

= 0 . 0056 ohm. 


The copper loss 

I a 2 Rs = 72. 7 2 X 0.0056 
= 29.6 watts. 

The weight of series field copper 

G h = LJ 8 ])Ss X 0.321 

=21 9 X 4 X 4 X 0.0518 X 0.321 
= 5.821b. 

The armature copper loss for full-load 

W a = LrRa = 72. 7 2 X 0.128 
= 676 watts, 

or 4.54 per cent of rated output. 

The full-load copper loss for the commutating field winding 

Wi = 1 a 2 R t = 72 7 X 0.02 
= 106 watts, 

which is 0.71 per cent of rated output. 

The series field copper loss for full-load 

W 8 = I R s = 72.7 X 0.0056 
= 29 . 6 watts, 
or 0.199 per cent of rated output. 
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The shunt field copper loss 

W f = if 2 R f = 0.728 2 X 316 
= 167 watts or 1 . 12 per cent. 

Assuming 2 volts drop for positive and negative brushes, the brush 
contact loss for full-load 

W b = I a 2 = 72.7 X 2 

= 145.4 watts = 0 . 98 per cent. 

The average armature tooth width 


w ta = 0.391 

and 

Get — w ta (l — n<fWd)kiSd 8 X 0.278 

= 0.391(5.0)0.92 X 41 X 1.02 X 0.278 
= 21 lb. 

The armature tooth density at a point ^ slot depth from the minimum 
tooth width = 101.5 kilo-lines per sq. in., and the loss per pound for 
open-hearth steel = 5.8 watts. The frequency of the flux reversals 
is 38.3 cycles per sec., and the loss in the armature teeth due to the 
fundamental frequency flux 

W c t = 5.8 X 21 X 0.60 

= 73 watts. 

The weight of the iron in the armature yoke 

G e „ = - [(/-> - 2d.) 2 - Di 2 ) (l - n<iw d )ki X 0.278 

= 7 [(10 - 2 X 1 .02)* - 4 2 ] (5. 0)0. 92 X 0.278 
4 

= 47.81b. 

The flux density in the armature yoke is 64.3 kilo-lines, and the loss 
per pound for open-hearth steel is 2.65 watts. The loss in the armature 
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yoke due to the fundamental frequency flux 
W cv = 2 . 65 X 47.8 X 0.60 
= 76 watts. 

The total core loss (see page 123), 

We = (73 + 76)2.5 

= 372 watts = 2.5 per cent. 

The brush friction loss 

W bf = SX 2.81 X 2.18 

= 49.0 watts = 0 . 329 per cent. 

From the curves of Fig. 78, the 
friction and windage 1 loss 

W/w = 200 watts = 1.34 per cent. 

The stray load losses are taken equal 
to zero, which is in accordance with 
the A.S.A. Standards. 

The calculations for the efficiency 
are shown in Table XII, and the 
efficiency curve is shown in Fig. 86. 


TABLE XII 


Losses 

Load 

i 

i 

4 

n 

4 

i 

4 

5 

T 

Armature copper 

42.2 

169.0 

380.0 

070.0 

1056.0 

Commutating field 

6.6 

26.5 

50.0 

100.0 

165.8 

Series field 

1 .0 

7.4 

17.7 

29.6 

46.3 

Brush l 2 li 

36 3 

72.5 

109.0 

145.4 

181.3 

Shunt field 

107.0 

167.0 

167 0 

107.0 

167.0 

Core 

372.0 

372.0 

372.0 

372.0 

372.0 

Brush friction 

49.0 

49.0 

49.0 

49.0 

49.0 

Friction and windage .... 

200.0 

200 0 

200.0 

200.0 

200.0 

Total losses 

865.0 

1063.4 

1,354.3 

1,705.0 

2,257.4 

Output 

3730.0 

7450.0 

11,200.0 

14,900.0 

18,650.0 

Output plus losses 

4595.0 

8513.4 

12,554.3 

16,605.0 

20,907.4 

Efficiency, per cent 

81.1 

87.5 

89.1 

89.7 

89.2 



Fig. 86. — Efficiency of 15-hp., 1150- 
r.p.m., 230-volt, constant-speed 

motor. 
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The armature surface per watt loss 


8 . f 
W a L 


\jD(l + 2 lc) + tDJ + - (D 2 - Di 2 )(2 + n<;)J (1 + 0.00051i;) 

w a + w c 

jj^3 14X10(5 0+2X3 9) + tt 4 0x5.0+ ^(10 2 - 4 2 ) X 2 JJ 


(1 + 0 00 05 1 X 3010) 
070 + 372 


= 1 . 45 sq. in. per watt, 
and the full-load temperature rise 

^‘x-ns- 37 9 ’ 0 ' 

IF* 

The surface per watt loss for the commutating field winding (see 
page 153) is 

— = 2 8 sq. in. per watt, 

” » 

and the temperature rise is calculated as explained on page 88. From 
Fig. 02, C c = 97 for a peripheral speed of 3010 ft. per min. The space 
factor for the commutating field winding conductor 

0 0572 „ 

^” 2 X 0 103 X 0 222 “ * 


Then, 


C c * = C c + 70(1 -f 8 )d f 
= 97 + 70(1 - 0.79)0.98 
= 111.4. 


The full-load temperature rise 
111 4 

T t = — — = 39.8° C. 

2 . o 

For the shunt field (see page 149), 


= 3.72 sq. in. per watt 
W / 



SAMPLE DESIGN — MOTOR 


159 


and 

Cot = C c + 70(1 - f.)df 

= 97 + 70(1 - 0.645)0.70 
= 114.4. 

The temperature rise for the shunt field, 
114.4 

r ' = X7^ = 30 - 8 ° C - 


For the commutator, 

S L + 0.00051 y c ) 

w c ~ ir 6 + w7 f 

3 14 X 7 25 X 3 0(1 + 0.00051 X 2180) 
145 4 + 49.0 

= 0.74 sq. in. per watt, 

T c = ,*! , = 27° C. 

0 (4 


A resistance must always he used in series with the armature of 
direct-current motors when starting. The armature current 


la 


El - E 

IE + Rr ; 


( 130 ) 


R ( is the resistance* of the armature circuit, resistance of armature, 
commutating field, brush contacts, and series field when present, and R r 
is the* resistance of the starting rheostat. 

The starting resistance is generally so designed that the motor will 
start full-load, with a starting current not to exceed approximately 150 
per cent of full-load current. The resistance necessary to meet these 
requirements can he calculated by formula 130, 


Rr 


El - (E + laRc) 

la 


( 131 ) 


The starting box for the 20-hp. motor is to be so designed that the 
starting current will not exceed 150 per cent of the full-load current. 
The resistance of the armature circuit, R c — 0.181 ohm. At zero 
speed, the induced voltage, E, is zero, and the resistance that must be 
connected in series w r ith the armature to limit the current to 150 per cent 
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of full-load value 


Rrl = 


230 - (0 + 109 X 0.181) 
109 


= 1.93 ohms. 

If the motor is starting full-load, the current will drop to approximately 
the rated value after it has accelerated its load, and the induced voltage 

E = Et — Ia(Rc + Rr) 

= 230 - 72.7(0.181 + 1.93) 

= 77 volts. 

To increase further the speed of the motor, the resistance of the rheostat 
must be reduced to 

» 230 - (77 + 109 X 0.181) 


= 1.22 ohms. 


The induced voltage 


and 


E 


Rr : 3 


= 230 - 72.7(0.181 + 1.22) 
= 128 volts, 

_ 230 - (128 + 109 X 0 181) 
109 


= 0.70 ohm. 


The calculations are carried out in this manner until the induced 
voltage is approximately equal to the terminal voltage. The value of 
the resistance between the first and second buttons of the 
rheostat = R r i — R r 2 , etc. The starting rheostat for this motor 
will have 7 buttons, and the resistance of each step is as follows: 

Step Resistance Ohms 

1 Rn - R r * = 1 93 - 1.22 = 0.71 

2 Rri - Rrs = 1 22 - 0.76 = 0.46 

3 Rr 3 - Rn = 0 . 76 - 0.45 = 0.31 

4 Rr 4 - Rrb = 0 . 45 - 0.24 = 0.21 

5 Rrb - Rre = 0 24 - 0.10 = 0.14 

6 Rr* - Rr 7 = 0 . 10 - 0.00 = 0.10 


1.93 
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DIRECT-CURRENT DESIGN SHEET 


Men or 

Hp 20 Kw Volts 230 Amps 72 5 Rpm 1150 Poles 4 

Watts/r pm 1 2 96 Output constant 3 8 X 10 4 Type Shunt-wound C ommutating pole 


10 

4 

5 

none 
4 6 
41 
101 

Simplex wave 
123 
2 

402 

12 

0070 X 1 

0 071 
1170 

0 070X0 210 
0 0125 
2000 
none 
1 and 1 1 
1 and ( 3 

1 j 77 
0 107 
0 12S 

1 45 
37 ) 
5)4 
2240 


Outside diameter 
Inside diameter 
Total length 
Ducts number si/e 
Length -gross 5 effective 
Number of slots 
Slots ptr pole 
1 ype of winding 
Number of coils 
1 urns per c >il 
Conductors total 
C onductors per slot 
1 otal flux 

Distribution constant 
Mux ptr pole 
C onduetor dimensions 
C onduetor st ction 
current density 
Lqua eonn number size 
Coils in slots 
C oils in bar 
One-half mt an turn 
Resistance 25° < 

Resistance 75° ( 

Square ineh per watt 
Cal temperature rise 
Ampere conduetors per inch 
Ampere-turns per pole 

C OMMUlAlOR AND BRUSH 

Dlamettr 7 25 

I ength 3 0 

p< rlpheral spec d 2180 

Number of bars 123 

Bar pitch 0 18 ) 

Thlcknc-sH of mica 0 01 

Volts bar average 7 iH max 14 5 
Number of arms 4 

Amperes per arm 3o ) 

Brushes per arm J 

size of brush 
( urrent dt nxlt\ 

Square inch per watt 


WM< HTS 

Armature copper 
Shunt field coppt r 
Series field copper 
( ommutating fit Id copper 
Armature teeth 
Armature yoke 


1 t I L-I oad 1 OSSIs-S 

Friction and windage 200 

Brush friction 4 » 

( ore 37- 

Stray load 

Armature copper ( 71 

Shunt Held copper i rlieo 1< 7 

Series field copper 2 ) f 

( omm field copper 1 CM 

Brush contact fili 1 i > 4 

Total losses 170 » 


1 l LLr-1 OAD Rl* SISTANt F llROl 


Armature 
Series field 
C ommutating Meld 
Brushes 
Total 

Shunt field lit 

Rt marks Ai mature laminations— 0 014 m open-hearth sheet st eel 


9 3-4 04 
0 4 0 18 
14)0 (>3 
2 00 0 87 
13 15 5 7 
230 



I'lIH AND \OKB 

Main 

Comm 

Material 

sheet steel 

Sheet steel 

Body length and width 

5X3 

5X1 25 

shoe length and width 

5X5 18 

5X1 25 

1 olt pitch 

7 85 


1 ertenfage of pole embrace 

0b 


I ole are 

5 18 


l otal air gap length 

2X0 10 

2X0 10 


Matt rial yoke 
Outsidt diameter of yoke 
Insidt diamt ter of yoke 
1 ength of yoke 
M ignttic st ction 


Hot rolled steel 
21 
18 5 
10 

2 5X10 = 25 


lx , 

IlBLD WlNDINt 

SHI NT 

SB RIFS 

C OMM 

51 8 

sizt of conductor 

No 21 

1H5X 345 

2 lb3 X 222 

0 74 


No 22 




C onduetor section 

0 000538 

0 0518 

2X0 0286 



0 000507 




Amperes 

0 7-8 

'1 8 

71 8 


( urrent density 

1140 

138) 

1270 

31 1 


1435 



1 8 

3 urns per pole 

848 

4 

42 

5 8 


1888 



2l> 4 

I ength of mean turn 

1 ) 12 

21 9 

16 5 

21 

Resistance 25° ( 

205 

0 0047 

0 168 

47 S 

Ucsistauu 75° C 

31b 

0 005b 

0 20 


\\ atts loss 

lb7 

29 b 

10b 


Square inch per watt 

3 72 


2 8 


1 it id leakage constant 



1 20 


MAt NB Tit t lilt \ IT 


R P M 1200 



Sm n >n 

IH \siiy 

I B N< TH 

A 1 

( ap 

157 

44 3 

l 18X0 1 

1635 

1 tali 

(S 6 

101 5 

1 02 

C7 

\ \ oke 

18 2 

(4 3 

2 3) 

lb 

Pole 

1 5 

93 b 

4 15 

187 

1 y oko 

1 Ot ll 

25 

of 1 

7 75 

99 

2004' 


Shunt A 1 per pole full 1 >ad 
scries AT per pole full 1 >ad 
C ommutating A 1 ptr pole full load 

t OMMUTATION 

Bars covered by brush 
C ommutating zone at armature surface 
( tun mutating zone per cent neutral zone 
Reactance yolts 

Density in commutating pole air gap 


1990 

287 

3020 


2 03 
1 35 
50 5 
0 77 
12 800 




Designed by J II Kuhlmann 

Date 



II — Synchronous Machines 


CHAPTER IX 

CONSTRUCTION 

There are two types of synchronous machines in general use today, 
the salient-pole machine and the non-salient-pole machine. The 
salient-pole type is used for generators and motors of large and small 
capacities of high and very slow speeds. The non-salient-pole type is 
used for medium and very large capacity generators for high speeds. 
The latter type is generally known as the turbo-generator. Figure 87 
is an assembly drawing of a non-salient-pole type of generator and shows 
the type of construction in general use. An assembly drawing of a 
small horizontal salient-pole machine is shown in Fig. 88. A vertical 
type salient-pole machine is shown in Fig. 89. 

Armature. — Modern synchronous machines are of the revolving-field 
type, that is, the armature is the stationary member and the field rotates. 
The armature core is built up of sheet-steel laminations, generally from 
0.014 to 0.0188 in. thick. The laminations are punched out and care- 
fully annealed to remove shearing and punching strains. They are 
then coated with an insulating varnish in the manner described for the 
armature punchings of direct-current machines, page 3. The insulated 
punchings are next assembled in the armature frame on keys riveted to 
the frame or in dove-tailed groove's milled into ribs of the frame. Because 
the armature diameters are usually rather large for all synchronous 
machines, the laminations are' generally punched in segments. The 
number of segments per circle will depend upon the number of slots, 
the method of punching, etc. For large-capacity machines, the number 
of segments per circle must be so chosen that no shaft currents will be 
produced. 1 One segment with spot- welded tooth supports or duct 
spacers is shown in Fig. 90. 

1 “Die Wechselstromtechnik,” by E. Arnold and J. L. LaCour, Vol. 4, 2nd ed., 
p. 509, Julius Springer, Berlin; “Shaft Currents in Electrical Machines, ” by P. L. 
Alger and H. W. Samson, Trans. A. I.E.E ,Vol. 43, 1924, p. 235; “Bearing Currents, ” 
by E. G. Merrick, General Electric Review, Vol. 17, Oct., 1914, p. 936; “Bearing 
Currents — Their Origin and Prevention,” by C. T. Pearce, Electric Journal, Vol. 24, 
Aug., 1927, p. 374. 
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The core is clamped between two follower rings, which are held in 
place by a key, as shown in Fig. 88, or by long bolts passing through the 
frame back of the armature core, as shown in Figs. 87 and 89. The 
teeth are supported by a finger, or tootli support, which extends from the 
top of the tooth to the inside of the armature core. This tooth support 
is generally a piece of rolled steel, spot-welded to the last lamination 
(Fig. 90). 

The length of the armature core must be divided into small sections 



Fig. 88. — Assembly drawing of 115-hp., 1200-r.p.m., bracket-type synchronous 

motor. 


by radial ventilating ducts, to insure proper ventilation of all parts of the 
armature. These ducts are usually f in. wide for small and medium-size 
machines, and \ in. for large machines. The distance between centers of 
ducts should not exceed 3 in. The ventilating duct spacer is generally 
a rolled-steel piece of I-beam or T section, and like the tooth support is 
spot-welded to one punching (Fig. 90). 

American practice favors the open type of armature slot for syn- 
chronous machines, with the two-layer type of winding. The armature 
coils are so formed that one side will be in the top of one slot and the 
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other side in the bottom of another slot, approximately a pole pitch 
away. The coils are completely insulated before they are placed into the 
slots. 

The method of placing the armature coils into the slots is clearly 



Fig 89 — Vertical waterwheel-dnven generator with direct connected exciter — 
30,000 kva, 300 r p m , 24 poles, 11,000 volts 


shown in Fig 91, which is a portion of a partly wound armature for a 
small-capacity, slow-speed machine For turbo-generators, the arma- 
ture coil end-connections are very long and the coils must be supported 
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to prevent distortion caused by heavy over-loads or short-circuits. 
Figure 92 shows a partly wound armature for a turbo-generator and 



Fig 90 — One segment with spot-welded tooth supports 


shows the method of bracing the armature coil end-connections. For 
large-capacity salient-pole machines, the armature coil end-connections 
must be supported in a similar manner. 



Fig. 91. — Portion of partially wound armature. 


Armature Frame. — The type of construction generally employed for 
the armature frame of synchronous machines is shown in Fig 93. Large 
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ventilating passages are provided in the frame back of the armature core. 
The armature frame is either of cast iron or built up pf welded rolled 
steel. 2 



Fig. 92. — Partly wound turbo-generator armature— 25,000 kva, 1800 r.p.m., 

13,200 volts. 


Field: N on-Salient-Pole Machines . — For large machines the rotor is 
often a solid steel forging with slots milled into it for the field winding. 
A completely machined, forged-steel rotor, without the field winding, for 
a 12,500-kva, turbine generator is shown in Fig. 94. For small machines, 

* General Electric Review, July, 1927, Vol. 30, p. 330. 
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the rotor is often built up of sheet-steel punchings assembled on the 
shaft. Figure 95 shows a detail drawing of a rotor punching for a 375- 
kva, 2-pole turbine generator. 




Fig. 94. — Completely machined rotor without winding for 12,500-kva turbo- 
generator. 


The field winding is built up of bare ribbon copper, with mica insula- 
tion between turns and between field core and coils. The method of 



FIELD 


169 


placing the field winding into the slots is shown in Fig. 96. Because of 
the high peripheral speeds, heavy metal wedges are used to seal the rotor 



Fig. 95. — Rotor-punching, 375-kva, 3600-r.p.m. turbine generator. 



Fig. 96 — Method of placing field coils into slots of turbo-rotor. 


slots. The end-connections of the field windings are insulated with 
mica tape and covered with aluminum saddles, as shown in Fig. 97. 
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Fig. 99 — Bare pole, insulated pole, and complete wire-wound pole for a 219-kva, 

48-pole generator 



Fig 100 — Bare pole, insulated pole, and complete ribbon-wound pole for 375-kva 

36-pole generator. 
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To hold the field coils in place, steel coil retaining rings are shrunk over 
the aluminum-covered end-connections, as shown in Fig. 87. 

SalientrPole Machines . — The field poles of salient-pole machines are 
built up of sheet-steel punchings riveted together. The thickness of the 
sheet used is generally 0.019 to 0.050 in. The poles are either bolted or 
keyed to the field spider. Figure 98 shows a number of pole punchings 
and illustrates the methods used to fasten the field poles to the spider. 
The holes near the surface of the pole shoe are for the squirrel cage 
starting winding for synchronous motors. 



Fig. 102. — Spider built up of 1-in. steel plate punehings for 33,000-kva, 360- 

r.p.m., vertical type generator. 

The field windings are wound either with d.c.c. copper wire or with 
bare copper strap wound on edge. A bare pole, insulated pole, and 
wound pole for a d.c.c. copper wire field winding are shown in Fig. 99. 
Figure 100 shows the same details but for a strap copper field winding. 

Spider. — The spider, on which the field poles are mounted, is either 
of cast iron, cast steel, rolled steel, or built up of steel plates. The rim 
of the spider must carry the flux which passes between poles and must 
therefore have a high permeability besides good mechanical strength. 
It is, as a rule, difficult to get uniform steel castings, free from flaws, and 
for that reason rolled steel or built-up spider rims are preferred. A 
spider with cast-steel hub and arms but with rim built up of J-in. steel 
plate is shown in Fig. 101. The complete spider for a 30,000-kva, 
360-r.p.m., 20-pole generator built up of punched steel plates, is shown 
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in Fig. 102. For small-capacity synchronous motors and for generators 
with small number of poles, the spider is punched from sheet steel of the 
same thickness as used for the pole punching. A spider punching and 


• • 



1 

Tia 103 — Spider punching and one-jiolo punching for 55-hp , 1200-r p rn , synchro- 
nous motor 

one pole punching for a 55-hp., G-pole,1200-r.p.m. synchronous motor are 
shown m Fig. 103. 
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VOLTAGE FORMULA AND OUTPUT EQUATION 

Voltage Formula. — The effective value of the voltage induced in each 
phase of a winding with one slot per pole and phase with pitch coils is 
given by the equation : 

E = 4 :ffbW<t> X 10~ 8 volt. 

Armature windings of synchronous machines always have more than 
one slot per pole per phase. The voltages induced in the (‘oils per pole 
and phase lying in adjacent slots are then not in phase and cannot be 
added algebraically but must be added vectorily. The ratio of the vec- 
tor sum to the algebraic sum is called the winding distribution factor, 
k d . The two sides of the coils are not always placed in slots a pole pitch 
or 180 electrical degrees apart but are often chortled one or more slots. 
The voltage induced in one coil of the armature winding is proportional 
to the sine of the half-angle, in electrical degrees, which it subtends. 
The sine of the half-angle in electrical degrees embraced by a coil is 
called the pitch factor or chord factor, l: p . 

The general formula for the effective value of the induced voltage 
per phase is then: 

E = \ff uk (i k pW<f> X 10- 8 volt. (132) 


Just as for direct -current machines, it is often convenient to use the 
hypothetical total flux instead of the flux per pole (see page 14). The 
hypothetical total flux 

4>p 

4> t = — lines. 

)d 

From formula 132, 

_ E X 10 s 
^ 4ff b k p k,iw 

and 


<t>t = 


Ep X 10 s 
4 ffikpk'ifaw ^ 


It is generally more convenient to use conductors in series per phase 
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instead of turns in series per phase and synchronous r.p.m. instead of 
frequency. jy 


W 2 


and 


/ = 


np 


Making these substitutions, 


< Pt — 


2 X GO 

E X GO X 10* 
tiN k pf h k df d 


The form factor//,, winding distribution factor k d) and flux distribu- 
tion factor depend only upon the number of slots and the shape of the 
air gap flux distribution curve and are not affected by changes in the 
number of conductors per phase or the coil throw . These factors can 
therefore be combined into one factor, called the winding constant, 


and then 


C u = fik'ijd , 

E X GO X 10 K 


0 / = 


nNL „C U 


lines. 


(133) 

(134) 


Output Equation — For alternating-current machinery, the terminal 
current / is equal to the armature cunent I a - The armature output for 
a 3-phase generator expressed in kilovolt-amperes is 

Kva = Elm X 10'* 1 . (135) 

From formula 134, 


E = 


Substituting into equation 135, 

Kva = 


fanNhpCv 


- volts. 


GO X 10 s 


<M-Y/ 

GO X 10 n 


The hypothetical total flux may be expressed in terms of the gap 
area times the air gap density, 

4> t = irDUig. 

If Q equals the ampere conductors per inch of armature circumfer- 
ence, then 


and 


or 


INk p m = 7 vl)Q 

ttDIB u mrDQC u 


Kva = 


GO X 10 11 
D 2 ln G 08 X 10 11 


Kva 


C w QB g 


(136) 
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The total flux is directly proportional to the air gap density and, as 
has been shown for the direct-current machine, page 16, the tooth den- 
sity is directly proportional to the air gap density. For high-voltage 
machines, it will therefore be necessary to use a lower air gap density 
than for low-voltage machines, because of the greater amount of slot 
space required for insulation. A high air gap density will lead to high 
densities in the magnetic circuit and high armature tooth losses. Too 
low an air gap density will, of course, lead to an uneconomical use of the 
magnetic circuit. The density for the air gap for 60-cycle synchronous 
machines will generally lie between the limits: 

B g = 35,000 to 55,000 lines per sq. in. 

When beginning a design of a motor or generator, an air gap density 
of 43,000 lines per sq. in. is generally a satisfactory value to assume. 
For frequencies below 60 cycles per sec., the above values may be 
increased slightly. For 25-cycle machines, the values of B a given above 
may generally be increased from 10 to 15 per cent. 

The ampere conductors per inch of armature circumference deter- 
mine armature reaction and, for a given type of construction, they deter- 
mine the armature temperature rise. A large value of Q leads to a high 
leakage reactance and to a large value of armature cross and demagnet- 
izing ampere-turns. Since the voltage regulation of a generator depends 
upon armature reaction, it follows that low values of Q must be used 
when good voltage regulation is desired. Modern power systems are 
generally operated with some form of automatic voltage regulator and 
only reasonably good regulation is required. Also, generators designed 
for very good regulation are sensitive to rapid load changes and are dif- 
ficult to operate in parallel with other machines. For well-designed 
synchronous generators the voltage regulation is about 15 to 25 per cent, 
at 100 per cent power factor. The curves, Fig. 104, give average values 
of Q for 60-cycle synchronous generators for voltages of 3000 volts and 
less. For higher voltages, lower values of Q must be used; for frequen- 
cies below 60 cycles per sec. they may be increased. 

For synchronous motors, the ampere conductors per inch of arma- 
ture circumference given in Fig. 104 may be increased from 10 to 15 per 
cent. 

By substituting average values for C Wy Q y and B oy equation 136 
becomes 

DHn _ 

Kva 

C = 


6.08 X 10 13 

CyQBg 


( 137 ) 
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in which C is called the output constant. Average values of the output 
constant are given by the curves in Fig. 105 for 60-cycle, salient-pole, 
synchronous machines, for 3000 volts and below. 



Scale "B" 
KVA 
n 


Fig. 104. — Ampere conductors per inch of ai mat uie gap circumference foi 60-cycle 
synchronous machines foi 3000 volts and below. 



Scale B" 
KVA 


n 

Fig. 105. — Approximate output constants 60-eycle, salient-polo, synchronous 
machines, 3000 volts and below 

In formula 137, Kva is the armature kilovolt-ampere output. 
Since the armature resistance drop is only a very small percentage of 
the terminal voltage for synchronous machines, the rated Kva output 
may be used in this formula for a generator. For 0.8 power factor 
synchronous motors the Kva input is used, and for unity power fac- 
tor motors the Kw output. 
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Armature Diameter and Length. — With the output constant known, 
the product, D 2 l , can be easily calculated by formula 137. Either the 
diameter or the length may be assumed and the other dimension calcu- 
lated. 

For high-speed machines, the diameter may be limited by the periph- 
eral speed. For synchronous machines, peripheral velocities as high as 
safe mechanical construction will permit may be used. Peripheral 
speeds of 20,000 to 25,000 ft. per min. are commonly employed for turbo- 
generators. For salient-pole machines the peripheral speed is generally 
much lower, but values as high as 12,000 to 15,000 ft. per min. are 
possible. 

The ratio of armature length to pole pitch is generally about as 
follows: 

l 

- = 0.80 to 2.5. 


The small values apply to small-capacity machines and the large values 
to the large capacities. For large-capacity turbo-generators larger 
values than given above may be required, to avoid excessive peripheral 
speeds. 

The pole pitch 

7T D 

P 

- = (0.80 to 2.5) 

T 

7 tD 

l = (0.80 to 2.5). 

V " 


Substituting this expression for l into equation 137, 

Z>^< 0.80 to 2.5) - — i c 
p n 


or 


D = \J Kv;t/ * r ... -■ 

^ 7r(0. 80 to 2.5)n 


(138) 


The values of the ratio armature length to pole pitch are not intended 
to give the limits for the armature dimensions, but are intended primarily 
to help the beginner to choose suitable armature dimensions. When in 
doubt as to the most suitable armature diameter and length for a given 
Kva and speed, the only satisfactory method is to make preliminary 
calculations for two or more machines with different dimensions and 



DESIGN OF POLE SHOE 


179 


choose the one that will give good operating characteristics for a reason- 
able cost of construction. 

The diameter found from the output constant curves, Fig. 105, is 
the armature gap diameter. It is usually desirable to be able to de- 
termine the outside diameter of the armature core in order to select the 
standard frame a given rating of generator or motor is suited for. The 
tabulation gives the usual ratios of outside diameter to inside diameter 
for synchronous machines. 


Poles 

. Do 
Ratio — 

Poles 

. Do 
Ratio — 
l) 

Poles 

„ . Do 

Ratio — 

1) 

Poles 

, . Oo 

Ratio — 

4 

1 48 

14 

1 20 

21 

1 13 

30 

1 10 

6 

1 37 

10 

1 18 

20 

1 13 

10 

1 10 

8 

1 30 

18 

1 15 

28 

1 13 

48 

1 10 

10 

1 20 

20 

1 15 

30 

1 12 

00 

1 00 

12 

1 23 

22 

1 15 

32 

1 11 

72 

1 09 


Design of Pole Shoe. The shape of the air gap flux distribution 
curve depends upon the shape of the pole shoe and the per cent pole 
embrace. The harmonies present in the voltage wave of synchronous 
machines depend largely upon the flux distribution in the air gap. 
There are also harmonies present in the voltage wave produced by the 
pulsations of the air gap flux caused by the armature slots. A flux dis- 
tribution curve which decreases gradually to zero on the center line 
between two poles can be obtained by grad- 
ually increasing the air gap from the center 
or near the center of the pole to the pole 
tips. Poles not carefully beveled at the pole 
tips with a large per cent pole (unbrace may 
lead to magnetic noises. This is not the 
only cause of noise in synchronous machines; 
the number of armature slots per pole or per 
pole arc has an important effect upon the 
noise, as will be discussed later. 

The per cent pole embrace for synchro- 
nous machines is generally from 03 to 75. 

In general, 70 to 72 per cent pole embrace 
is most satisfactory for both generators and 
motors; higher values lead to excessive field leakage. For synchronous 
motors with heavy pole shoes to accommodate the squirrel-cage start- 
ing winding, it may sometimes be necessary to use the lower value of 
per cent pole embrace, to avoid excessive field leakage. 

A satisfactory air gap flux distribution curve is generally obtained 
when the pole shoe is shaped as indicated in Fig. 106. For generators 
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requiring no damper winding in the pole faces, the tip of the pole may 
be rounded off, as shown by the full line, Fig. 106. For synchronous 
motors and generators with damper windings, a heavier pole tip is gen- 
erally required. A larger radius can then be used to round off the tip , 
or the tip may be shaped as indicated by the dotted line, Fig. 106. 

Construction of No-load Field Form. — The flux distribution curve in 
the air gap of synchronous machines is derived from the flux plot in 
exactly the same way as described for direct-current machines (page 24). 
The air gap length can be estimated with the help of the curves, Fig. 107, 



Fig. 107. — Approximate air gap length* for OO-cycle, salient-pole, synchronous 

machines. 


which give average values of air gap length for sal lent -pole, synchronous 
machines. For the flux plot, a full-scale draw ing should be made of one- 
half of the pole shoe, with proper air gap clearance between pole and 
armature surface. To obtain the flux distribution on the armature sur- 
face, the space between pole face and armature must be divided into 
approximately equal squares by flux and equipotential lines. The 
method of plotting magnetic fields, w r ith practical applications to salient- 
pole synchronous machines, is well explained in three excellent papers 
presented at a winter convention of the A.I.K.E. 1 

The flux plot for a 2500-kva, 225-r.p.m. sample generator design is 
shown in Fig. 108. From this flux plot, the air gap flux distribution 
curve shown in Fig. 109 is obtained, in the manner described on page 

1 “ Graphical Determination of Magnetic Fields,” presented at winter convention, 
A.I.E.E., New York City, Feh. 7-11, 1927. 
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25. For some purposes, the approximate method of mapping the mag- 
netic field, described on page 20, is sufficiently accurate. 

When making the flux plot, the armature is assumed to be a smooth 
surface. Open armature slots produce deep notches in the top of the 



field form, as shown in Fig. 110, which is the no-load air gap flux distri- 
bution curve of a 55-hp, 1200-r.p.m. synchronous motor, taken with an 
oscillograph. 

Flux Distribution Factor and Form Factor. — The ratio of the area 
under the flux distribution curve to the area of a rectangle with same base 
and maximum ordinate is called the air gap flux distribution factor. 
This factor can be found by either of the two methods given on 
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Fig. 109. — Air gap flux distribution curve for 2500-kva, 225-r.p.m., 32-pole 

generator. 



Fig. 110. — Air gap flux distribution curve of 55-hp., 1200-r.p.m., synchronous motor. 
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page 27, or by analyzing the flux wave by the Fourier series. 2 The 
calculations for the analysis of the field form are made as shown in 
Table XIII, which are for the flux wave shown in Fig. 109. The flux 
distribution curve is plotted with abscissas in electrical degrees, the 
ordinates B x i, B x % , etc., being read for every 7.5 electrical degrees. Since 

TABLE XIII 


B 

r 

Sin x 

Sin 3x 

Sin bx 

Sin 7x 

B x Sin x 

B x Sin 3* 

B x Sin 5x 

B z Sin 7x 

B* ii = 

7.5 

0.130 

0.383 

0.609 

■a 

0.98 

2.88 

4.57 

5.94 

Bx io = 

17.6 

0.259 

0.707 

0.966 

IB 

4.56 

12.45 

17.00 

17.00 

Bx 9 = 

30.5 

0.383 

0.924 

0.924 

■EH 

11.69 

28.20 

28.20 

11.69 

B. r 8 = 

48.0 

0.500 

1.000 

0.500 

-0.500 

24.00 


24.00 

-24.00 

Bx 7 = 

68.0 

0.609 

0.924 

-0.130 

-0.991 

41.40 

■H 

-8.83 

-67.40 

Bx « = 

83.0 

0.707 

0.707 

-0.707 

-0.707 

58.70 

58.70 

-58.70 

-58.70 

Bx 6 = 

94.0 

0.793 

0.383 


0.130 

74.60 


-93.10 

12.22 

Bx 4 = 

100.0 

0.866 

0.000 

-0.866 

0.866 

86.60 


-86.60 

86.60 

Bx 3 = 


0.924 

-0.383 

-0.383 

0.924 

92.40 

-38.30 

-38.30 

92.40 

Bx 2 = 

100.0 

0.966 

-0.707 

0.259 

0.259 

96.60 

-70.70 

25.90 

25.90 

Bx X - 

100.0 

0.991 

-0.924 

0.793 

-0.609 

99.10 

-92.40 

79.30 

-60.90 

Bx o = 


0.500 

-0.500 

0.500 

-0.500 

50.00 



-50.00 







640.63 



-9.25 


the flux distribution curve is symmetrical about the center line of the 
pole, the even harmonics drop out. The equations for the fundamental, 
third, fifth, and seventh harmonics then are 


Bi = &(B x n sin 7.5° + B x io sin 

15° + • • • + 26*0 sin 90°), 

B-i = i(B x n sin 22.5° + B x io sin 

45° + • • • + lB x0 sin 3 X 90°), 

B 5 = sin 37.5° + B xW sin 

75° 4 + lB x0 sin 5 X 90°), 

B^ = \{B X a sin 52.5° + B x io sin 

105° + • ■ • + IB X 0 sin 7 X 90°); 

„ 640.63 


Bx = 

= 106.8, 

0 


-2.37 


r> 

= -0.40, 

-5G.56 

*- 0 

- = -9.41, 

-9.25 


B,~- # 

»o 

T— ( 

1 

II 

B x = B\ sin x + B-i sin 3 x + B& sin 5x + B^ sin lx. 


2 See also “ Graphical and Mechanical Compulations,” by J. Lipka. 
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The flux wave, fundamental, third, fifth, and seventh harmonics 
are shown in Fig. 111. 



Fig. 111. — Air gap flux wave*, fundamental, third, fifth, and seventh harmonics for 
2500-kva., 225-r.p.m. generator. 


The average value, effective value, and maximum value of the flux 
wave are calculated from the equation for B x as follows: 

B a = — f Bjdx = - ( B\ + \B% + %B& + \Bi) 

7 T t/0 7 r 

= -(100.8 — ^0.40 — 1 9.41 -Jl.54) 

A 3 5 7 / 

= 66 . 6 ; 

Be = j- f* BMx = VJ(B? + B? + B£ + W) 

\ 7T t/0 

= V .1(106. 8 2 + 0.40 a + 9 41 2 + 1.54 2 ) 

= 75.8; 

B m = B x 0 = 100. 

The flux distribution factor 

B a GG.6 „ 

u “ T. ' loo “ °- 666 - 
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The value of fd , calculated by the method explained on page 27, is 
0.667, which checks the value found by the method given above. 

The form factor of the flux wave has been defined as the ratio of the 
effective or root-mean-square ordinate to the average ordinate. From 
the analysis of the flux wave, the effective and average values are calcu- 
lated as shown above: 



75.8 

66.6 


1.14. 


The root-mean-square ordinate can be calculated also from the flux 
distribution curve, by dividing the base line into a number of equal 
divisions. The sum of the squares of the mean ordinates of each division 
divided by the number of ordinates gives the mean-square ordinate. 
The square root of the mean-square ordinate is the root-mean-square 
or effective ordinate. 

By properly choosing the per cent pole embrace and the level of 
the pole tips, a flux wave with small harmonics can be obtained. Sev- 


TABLE XIV 


Polo Arc, 
Per Cent. 

6 

«m 

X 

Maximum 

1 unda- 
mental 

1 

Maximum 

Third 

Maximum 

Pifth 

Maximum 

Seventh 

71 3 

0 390 

1 G(W = 0 023 

0 214r = 2 10 

112 50 

+8 95 

-7 17 

-4 28 

70 0 

0 400 

1 025 = 0 000 

0 187r = 1 83 

1 10 04 

4-5 22 

-7 25 

-2 32 

08 75 

0 400 

1 778 = 0 720 

0 185r * 1 813 

108 50 

4-2 23 

-9 53 

-3 08 

08 75 

0 400 

2 005 = 0 813 

0 185r ~ 1 813 

104 80 

-2 30 

-10 92 

4-0 450 

08 75 

0 400 

1 855 - 0 75 

0 174r = 1 71 

100 80 

-0 40 

-9 41 

-1 54 


eral flux plots were made for the sample design. The dimensions of the 
pole shoe and the results of the analysis of the flux wave are given in 
Table XIV. 

In the A.I.E.E. paper 3 referred to above, Mr. R. W. Wieseman has 
given a set of curves from which the maximum value of the third har- 
monic in per cent of the fundamental can be found when the dimensions 
of the pole shoe and the per cent pole embrace are known. These curves 
apply to a pole shoe beveled from the center of the pole instead of from 
a point at a distance x from the center of the pole, as shown in Fig. 106. 

Sample Design: Diameter and Length . — A 2500-kva, 225-r.p.m., 
3-phase, 60-cycle, 2400-volt, salient-pole, synchronous generator is to 
be designed. The generator is to be of the vertical, waterwheel type and 

3 “Graphical Determination of Magnetic Fields — Practical Applications to Salient 
Pole Synchronous Machine Design,” A.I.E.E. Journal, Vol. 46, May, 1927, p. 433. 
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is to have an efficiency at full-load, 100 per cent power factor, rated 
speed, and voltage not less than 95.6 per cent. The efficiency is to be 
calculated from the losses in accordance with the A.I.E.E. Standards. 
The temperature rise of no part of the machine shall exceed 50° C. 
when operating continuously at rated load, voltage, and speed. 

Kva = 2500 
n 225 

The output constant is taken from the curve, Fig. 105. 

C = 1.58 X 10 4 . 

The number of poles 

/ X 2 X 60 _ 60 X 2 X 60 
V ~ n ~ 225 

= 32. 


The diameter and length are calculated for several values of Z/r, 
as given in Table XV. The calculations for l/r = 2.0 are as follows: 


D 


4 


KvapC 
7T X 2 X n 


N I 


2500 X 32 X 1.58 X 10* 
3.14 X 2 X 225 


= 96.4 in. 

_ KvaC _ 2500 X 1.61 X 10 4 
nD 2 ~ 225 X 96. 4 a 

= 18.9 in. 


T 


ttD 

V 


t r X 96.4 
32 


9 . 45 in. 


For other values of l/r, the dimensions are as given in Table XV. 


TABLE XV 


l/r 

D 

1.00 

121.5 

1.50 

106.1 

1.75 

100.5 

2.00 

96.4 

2.25 

92.6 


l 

r 

11.9 

11.90 

15.6 

10.40 

17.3 

9.86 

18.9 

9.45 

20.5 

9.10 


For this design, the following dimensions are selected: 


D = 100 in. and l = 17 . 5 in. 
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The pole pitch 

tD 

V 


3.14 x 100 
32 


9.82 in. 


The per cent pole embrace is made 68.75 per cent (see page 179); 
and the pole arc 

B = 0.6875 X 9.82 = 6.75 in. 


The length of air gap is estimated at 0.406 in. (see curves Fig. 107). 
The flux plot is shown in Fig. 108, and the flux distribution curve in 
Fig. 109. The flux distribution factor and form factor have been calcu- 
lated on page 184; they are 

j d = 0.666 and f b =1.14. 
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ARMATURE WINDING AND INSULATION 

The armature windings used for modern synchronous machines and 
induction motors are: 

1. Chain windings. 

2. Double-layer windings. 

Chain Windings. — Chain windings have only one coil side per slot, 
and the number of armature coils is equal to one-half of the number of 
slots. The number of conductors per slot may be any integer, even or odd. 
The coils cannot all have the same shape because the end-connections 
must lie in different planes. A variety of methods are used to shape the 
coil end-connections. Figure 112 1 shows a two-bank, 3-phase chain wind- 
ing, with 4 slots per pole per phase; Fig. 113 1 shows the same winding 
with the end-connections arranged in three banks. The armature coils 
for chain windings must be form-wound. More than one winding form 
is required for each machine because the coils are not all of the same 
shape. Large clearances can be allowed between the armature coil 
end-connections, which are very effective in cooling the winding. Amer- 
ican practice has discontinued the use of chain windings; they are still 
used by many European manufacturers. 2 

Double-Layer Windings. — Each slot has two coil sides. The number 
of conductors per slot must therefore be a multiple of two. All coils 
have the same shape, and the number of coils is equal to the number 
of slots. 

When the coils are so formed that the two sides lie a pole pitch apart, 
they are called pitch coils. Very often the armature coils are so con- 
structed that the sides lie in slots less than a pole pitch apart, in which 
case they are called chorded coils. Chorded coils are used whenever 
possible for armature windings of synchronous machines and induction 
motors. 

figures 112 and 113 are reproduced from “ Die Wechselstromtechnik,” by 
E. Arnold, Vol. Ill, 2nd ed., pp. 65 and 66, Julius Springer, Berlin. 

2 For further information on chain windings see “ Die Wechselstromteohnik,” 
by E. Arnold, Vol. Ill, 2nd ed., Julius Springer, Berlin, and “ Ankerwicklungen fur 
Gleich- und Wechselstrommaschinen,” by R. Richter, Julius Springer, Berlin. 
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The advantages of chorded windings are: 3 

(1 ) Chording the armature coils has the effect of changing the number 
of conductors in the armature winding. By formula 134, page 175, the 
number of conductors in series per phase 

£ X GO X 10 8 
N = • 

(f) tTlCs wli p 

The conductors in series per phase are therefore inversely proportional 
to the chord factor, k p . The chord factor is defined as the sine of the 


n n n 


m sisisia 



m&m m«sr- 



Fig. 112*. — Two-hank, three-phase chain winding with four slots per pole per phase. 

* From “ Die W echselstromtechmk,” by Dr Arnold, Vol. Ill, p 65, Julius Springer, Berlin. 


half-angle, in electrical degrees, spanned by the coil. The pitch coil, 
which spans 180 electrical degrees, will therefore have as chord factor 
k p = sin 2 180° = sin 00° = 1 and will have the maximum possible voltage 
induced. Of the two coils shown in Fig. 114 with 9 slots per pole, the 
one with a coil throw r from slot 1 to 10 spans 9 slots or 180 electrical 
degrees and k p = 1. The other, w ith a coil throw from slot 1 to 8, spans 
7 slots or l X 180 = 140 electrical degrees, and k p = sin \ 140° = sin 
70° = 0.94. 

When designing the armature winding, one often finds that an odd 
number of conductors per slot will give the best results. But an odd 

3 A.I.E.E. Trans., Vol. 26, Part 2, 1907, pp. 1485-1503; also, A.I.E.E. Trans., 
Vol. 27, Part 2, 1908, p. 1077. 
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number of conductors per slot can not be used for double-layer windings. 
The equivalent of an odd number of conductors per slot can, however, be 
obtained by using the next larger even number with chorded coils. For 



Fig. 113*. -Three-bank, three-phase chain winding with four slots per pole per phase. 
•From “ Die Wecheelstromtechiuk,” by Dr. Arnold, Vol III, p 66, Julius Springer, Berlin. 


example, the calculations for the armature winding of a 30-polo, 3-phase 
generator showed that 189 slots, with 13 conductors per slot, would give 
the best results. With 12 conductors per slot, the magnetic densities 
were found to be too high for best re- 
sults, and with 14 too low. The de- 
sired results were obtained by using 14 
conductors per slot, with the coils 
chorded 76.2 per cent of pitch. 

(2) The length of the mean-turn 
and the overall length of the armature 
coil, parallel to the shaft, are reduced 
by chording. Figure 114 shows two 
coils for a winding, with 9 slots per 
pole, the one with a coil throw from slot 1 to 10 and the other with a 
coil throw from slot 1 to 8. It is apparent from the figure that the coil 
with the shorter throw has a shorter mean-turn and a smaller overall 
length. Reducing the mean-turn of the coils produces a direct saving in 
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copper and reduces the armature resistance. Because of the reduced 
resistance, the efficiency is higher and armature heating is reduced, 
since heating depends upon the total losses to be dissipated. 

(3) For machines with a small number of poles and small diameter, 
machine-wound , il pulled type ” armature coils can be used. For 2-pole 
turbo-generators, for example, a pitch coil will have its sides in slots 
diametrically opposite. Specially constructed end-connections are 
required for such a design. By chording the coils, the standard 11 pulled 
type ” of coil, to be described later, can be used. 

(4) By chording the coils, the leakage reactance of the armature 



Fig. 115. — Diagram of throe-phase winding — one* slot per pole per phase — coil 
throw, slot 1 4, kd = 1, A-,, = 1. 

winding is reduced, as can be seen from the leakage reactance formulas, 
Chapter XIII. 

(5) ("hording the armature coils improves the generated voltage 
wave form of synchronous generators. 

Graphic Method of Laying Out the Armature Winding. — The arma- 
ture coils are placed into the slots in 60° phase belts for 3-phase machines 
and in 90° phase belts for 2-phase machines. The diagram to determine 
the sequence of the coils is made as shown in Fig. 115 A, which is a 
developed end-view of the armature slots and coil end-connections. The 
two horizontal lines represent the top and bottom of the slots, and the 
vertical lines joining them represent the slots. The diagonal lines pass- 
ing from top to bottom of slot are the coil end-connections. The 
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figures at the top of the slots are the electrical degrees for each slot. 
The zero or starting point for the diagrams shown is chosen on the center 
line between two slots. The diagram, Fig. 115, is for a 3-phase winding, 
with 1 slot per pole per phase or 3 slots per pole with pitch coils. The 
number of electrical degrees between slots is 180 - 5 - 3 = 60. It is 
apparent from the diagram that after passing through 360 electrical 
degrees, which corresponds to 6 slots or 2 poles, the winding repeats, 
that is, slot 7 is the same as slot 1. The diagram, therefore, need not be 
extended beyond 6 slots or 2 poles. The minimum number of poles the 
winding can be used for is therefore 2. For a pitch winding the coils 
must span 3 slots and the coil throw is from the top of slot 1 to the bottom 
of slot 4, etc. All slots from zero to and including 60° must have coil 
sides in the top belonging to phase 1, all slots from 60° to and including 
120° must have coil sides in the top belonging to phase 2, and all slots 
from 120° to and including 180° must have coil sides in the top belonging 
to phase 3, and so on, as shown in the diagram. The sequence of the coil 
sides in the bottom of the slots is automatically taken care of by the 
coil throw. 

From the diagram of the winding, a vector diagram of the voltages 
induced in the coils is made, as shown in Fig. 115#. The circle is drawn 
with any convenient radius and divided into as many equal parts as there 
are slots required to make the winding repeat. For the diagram in 
Fig. 115A, the circle must be divided into 6 equal parts because' 6 slots 
are necessary to make the winding repeat. The numbers in Fig. 115# 
are slot numbers. The coil sides in top and bottom of the slots are 
taken from Fig. 115A. The length of the line joining the coil side in the 
top of slot 1 with the coil side in the bottom of slot 4 is proportional to the 
voltage induced in coil 1 to 4. Similarly, the length of the line joining 
the coil side in the top of slot 4 with the coil side in the bottom of slot 1 
is proportional to the voltage induced in coil 4 to 1. The vectors 1 to 4 
and 4 to 1, Fig. 115#, must pass through the center of the circle because 
the coils are pitch coils and have the maximum possible voltage induced. 
There are two vectors, both occupying the same position, one for each 
pole. The vectors for the three phases make an angle of 60° with each 
other, because the coils are placed into the slots in 60° belts. 

Figure 116 A and # shows the winding diagram for the same winding 
as shown in Fig. 115 but shows the coils chorded one slot. The coil sides 
in the top of the slots are the same as those in Fig. 115, but those in the 
bottom of the slots are not the same, because of the different coil throw. 
The voltage vectors do not pass through the center of the circle but are 
chords of the circle, which shows that the voltage induced is less than 
for the pitch coils. If the diameter of the circle is assumed to be 1, 
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then the voltage induced in each of the coils in Fig. 115 is proportional 
to 1. For the winding shown in Fig. 116, the voltage induced in the 
coils is less than the voltage induced in the pitch coils by the ratio of 
the length of the chords 1 to 3 and 4 to 6 to the diameter of the circle. 
The length of a chord of a circle is equal to the sine of the half angle which 
it subtends times the diameter. The chords 1 to 3 and 4 to 6 subtend 
120° and the length of each is equal to sin | 120° = sin 60° = 0.866, 
which is equal to the chord factor k p = sin \ 90° = 0.866. The 
voltage induced in the chorded winding is, therefore, 86.6 per cent of the 
voltage induced in the pitch winding. 

For the windings shown in Figs. 115 and 116 the winding distribution 




4 

Fiu. 116. —Diagram of throe-phase winding— one slot per pole per phase — coil 

throw, slot 1-3. 

factor is 1, because there is only one slot per pole and phase. Figure 117 
shows the diagram for a 3-phase winding with 2 slots per pole and phase, 
with pitch coils. This winding also repeats every two poles and can 
therefore be used on a 2-pole machine. There are now 4 voltage vectors 
for each phase in the vector diagram, one for each of the 4 coils per phase. 
►Since this is a pitch winding, the vectors representing the voltage induced 
in each coil must pass through the center of the circle. The voltage 
induced in the two coils for each pole and phase connected in series is 
not equal to the arithmetical sum of the voltages induced in each of the 
coils, but is equal to the vector sum of the voltages induced in the two 
coils, because, as the diagram shows, the voltages in the two coils are 
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not in phase but differ by 30 electrical degrees. It is obvious from the 
vector diagram, Fig. 1175, that the vector sum of the voltages induced 
in the two coils 1 to 7 and 2 to 8 is equal to the sum of the lengths of the 
two chords 1 to 8 and 2 to 7. The vectors for the two coils under the 
second pole occupy the same position as the vectors for the first pole. 
The voltage induced in the 4 coils of each phase is therefore propor- 
tional to 4 sin \ 150° = 4 sin 75° = 4 X 0.966. The arithmetical sum 
of the voltage induced in the 4 coils is proportional to 4. Since the 

_ 4 X 0.966 

chord factor is 1.0, the winding distribution factor, = = 



Fig. 117. — Diagram of three-phasp winding — two slots por polo per phase -coil 

throw, slot 1-7. 


0.966. The voltage vectors and chords for only one phase are shown 
in Fig. 1175; the complete vector diagram showing the chords for the 
three phases is that of Fig. 117C. The chords must always be so drawn 
that they connect coil sides in the top of a slot belonging to one phase 
with coil sides in the bottom of a slot on the opposite side of the circle 
belonging to the same phase. The chords for each phase must be par- 
allel and must make an angle of 60° with the other phases. 

Figure 118 shows the vector diagram for the same winding shown iu 
Fig. 117, but with chorded coils. The coil sides in the top of the slots 
are the same as for the pitch winding. In the bottom of the slot they are 
not the same because of the shorter coil throw. For the diagram, Fig. 
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117, the chord factor is 1. The winding distribution factor is then 
equal to the sum of the lengths of the chords divided by the number of 
chords. The voltage induced in a winding varies directly with kdk p . 
The ratio of the sum of the lengths of the chords to the number of the 
chords is therefore equal to k d k p . For Fig. 118, 


, 1-6 + 2-5 + 7-12 + 8-11 

kdkp , 


2 sin 45° + 2 sin 75° 
4 ” 


0.830. 


The chord factor can easily be 
calculated when the coil throw 
is known. For a coil throw 
slot 1 to 5 with 6 slots per 
pole, 

k p = sin (I X 90°) = 0.866 


and 


k d = 


0 836 
0 866 


0.966. 


Figure 119 shows the lay- 
out for a 2-phase winding, with 
4 slots per pole per phase and 
coil throw slot 1 to 7. The 
coils are placed in 90° phase 
belts, and the chords for each 
phase are parallel and make 
an angle of 90° with the other 
phase. The chord factor 



Fics. 118 — Wet or diagram of three-phase wind- 
ing two slots pei pole pel phase — coil throw, 
slot 1-5. 


k p = sin (g X 90°) = 0 924. 


From Fig. 1 19/?, the winding distribution factor is calculated as follows: 
2 sin 33 . 75° + 2 sin 50 25° + 4 sin 78 75° 


kpk d — 


k d = = 0.906. 

0.924 


8 


= 0.837 


For the windings shown above, the total number of slots is a multiple 
of the number of poles times the number of phases; that is, the number of 
slots per pole per phase is an integer. The total number of slots need not 
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always be a multiple of the number of poles times the number of phases; 
neither need the number of slots per pole per phase be an integer. It 
may be a mixed number, for example, 2j, 3|, etc. 

The method of laying out a winding with a mixed number of slots 
per pole and phase is exactly the same as for the windings shown above. 
The windings for which the number of slots per pole per phase is not an 
integer do not always repeat every two poles. It may be necessary 
to lay out the winding for 4 or more poles. Figure 120 shows a 3-phase 
winding, with 2 \ slots per pole per phase. The number of slots per 
pole = 3 X 2 \ = 6J, and the electrical degrees between slots 


180 

02 


2G§ electrical degrees. 



Fig. 119. — Diagram of two-phase winding -4 slots per pole per phase — coil throw, 

slot 1-7. 


The electrical degrees are shown at the top of the slot in Fig. 120A, with 
the zero or starting point on the center line between two slots. The 
diagram shows that the winding repeats after passing over 27 slots or 4 
poles, that is, slot 28 is the same as slot 1. In the vector diagram, 
Fig. 1205, the circle is divided into 27 equal parts because there are 
27 slots necessary before the winding repeats. The calculations for the 
winding distribution factor are given in Fig. 1205. 

A 2-phase winding with 2| slots per pole per phase is shown in Fig. 
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121. The number of slots per pole = 2 X 2$ = 4§, and the electrical 
, 180 

degrees per slot = — - = 38-f electrical degrees. The vector diagram 

4 3 

and the calculations for the winding distribution factor are shown in 
Fig. 121 B. 
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Fig. 120. — Diagram of throe-phase winding — 2\ slots per pole per phase — coil throw, 

slot 1-6. 


Not all values of slots per pole per phase can be used for 3-phase and 
2-phase windings. When the number of slots per pole and phase is a 
mixed number, a balanced winding can be obtained only when the 
denominator of the fraction is not a multiple of the number of phases. 
For example, 2\ slots per pole per phase can not be used for a 2-phase 
winding, because 4, the denominator of the fraction, is a multiple of 2. 
A winding with 2f slots per pole per phase, for example, can be used for 
either 2- or 3-phase, because the denominator of the fraction is not a mul- 
tiple of 2 or 3. This winding repeats every 14 poles, and the minimum 
number of poles for which it can be used is 14. 

The general equation for the winding distribution factor for the 
fundamental 
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For windings with mixed number of slots per pole per phase the equiv- 
alent number of slots per pole per phase must be used for q . A frac- 
tional-slot 4 armature winding may be represented by 

f ,9 fh + g 

J ^ h h 

This indicates that there are fh + g slots per phase for every h poles. 
The winding is equivalent to an integral slot winding with fh + g slots 

II Z 3 4 5 6 1 8 9 10 It 12 13 14 IS 16 17 18 19 2021 ll 23 24 25 26 2728, 
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■9999999999991 
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'base » | Phaseb\ Pha$? debase o^ Phase ^Phaseo^ hase ^Phase o^ Phase ^Phaseo ' f hase^ 
i° * 180° / 270°^ 360 ff 90®^ 180° / Z10° 2 360 o/ 90° * I80 o/ 270®* 360* 



° o o 17 

* 15 IB ,7 


Chord— 26-28 
Chord — 25- 1 
Chord— 24- 2 
Chord — 21- 5 


1 X sin 38$ = 0 624 

2 X sm 77$ = 1 950 
2 X sm 115$ = 1 802 
1 X sin 231$ = 0 782 


Chord— 20- 6 = 2 X s in 270 = 2 000 


Chord— 19- 7 «= 1 X sin 231$ = 0 782 
Chord— 10-10 = 2X sni 115$ = 1 802 

Chord— 15-11 = 2X sm 77$ 

Chord— 14-12 = 1 X am 38$ 


k p — sin ^7 90 — 0.975 


Fia. 121. — Diagram of two-phaso winding — 21 slots per pole per phase — coil throw, 

slot 1-5. 

per pole per phase. For a 24-slot-per-pole-pcr-phaRe 3-phase winding, 
Fig. 120, the equivalent integral slot winding would have 
Q , 1 _ 2 X 4 + 1 9 

+ 4 4 4’ 

or 9 slots per pole per phase. The winding distribution factor 

180° 


2X3 

180° 

2X3X9 


= 0.955. 


4 “ Alternating Current Machinery,” by J. M. Bryant and E. W. Johnson, 
McGraw-Hill Book Co., New York. 
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Connections. — Three-phase windings may be either star or delta- 
connected. For synchronous generators, only the staj* connection is 
used. The advantages of the star connection have been explained by 
T. S. Eden; 5 they are as follows: (1) Currents of triple frequency or 
multiples of triple frequency can not flow in star-connected windings 
with ungrounded neutral. (2) In general the e.m.f. wave form is nearer 
a true sine wave. (3) It is possible to bring out a lead from the neutral 



Fig. 122. — Connection diagram for three-phase winding — two slots per pole per 

phase — one-circuit star. 


point, which is useful for various purposes. (4) Grounding the neutral 
reduces the potential strain on the insulation of the winding, permitting 
reduced thickness of insulation. 

The coils per phase of both 2-phase and 3-phase windings can always 
be connected in series, and usually they can also be connected in 
parallel, to form more than one circuit. For high-voltage machines, 



Fig. 123. — Connection diagram for three-phase winding — two slots per pole per 

phase — one-circuit delta. 


the one circuit winding, with all the coils per phase connected in series, 
should always be used so that the voltage per turn will not be too high. 
The connection diagram for the winding laid out in Fig. 117 is shown in 
Fig. 122, with star connection and one circuit. The ends of phases 1 
and 3 and the beginning of phase 2 form the neutral. The beginning of 
phases 1 and 3 and the end of phase 2 are the line leads. The one-cir- 

6 A.I.E.E. Trans., Vol. 33, Part I, 1914, p. 803. 
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cuit delta-connection for this same winding is shown in Fig. 123. In 
this diagram only the coil leads are shown. The two-circuit star- 
connection is shown in Fig. 124. When more than two circuits are used, 


lJ J-L-ja 





the connections are made as shown in Fig. 125, which is the connection 
diagram for the two-slot-per-pole-per-phase winding laid out in Fig. 117, 
with as many circuits as there are pairs of poles. For windings with a 


Fig. 126. — Connection diagram for two-phase winding — three slots per pole per phase — two circuits. 
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mixed number of slots per pole per phase, the number of circuits possible 
is often very much limited. For example, a winding with 2\ slots per 
pole per phase does not repeat until 4 poles have been passed over. The 
minimum number of poles that this winding can be used for is therefore 
4, and only one circuit is possible. On an 8-pole machine, the maximum 
number of parallel circuits possible with this winding is 2, etc. It is for 
this reason that windings for which the number of slots per pole is an 
integer are often chosen in preference to fractional slot windings. Small 
synchronous motors and induction motors are generally designed for two 
voltages, that is, 110 and 220 volts or 220 and 440 volts. To accom- 
plish this, the windings must be so chosen that two circuits can be used 
for the low voltage and one for the high voltage. As shown above, this 
is not always possible wilh fractional slot windings. 

The connection diagram for a 2-circuit, 2-phase winding with 3 slots 
per pole per phase is shown in Fig. 126. 

Number of Armature Slots. — The number of armature slots must be 
an integer and must be such a number that a balanced winding can be 
obtained. The total number of slots will always be satisfactory for a 
given number of poles and phases when the numerator of the fraction 

— , reduced to its lowest terms, is a multiple of the number of phases, 
poles 

For example, with 126 slots on a 14-pole machine, 

slots 126 _ 9 

poles 14 1 

and a balanced 3-phase winding is possible, because 9 is a multiple of 
the number of phases. With 120 slots on a 14-pole machine, 

slots 120 _ 60 

poles 14 7 

and a balanced 2-phase or 3-phase winding is possible, because 60 is a 
multiple of both 2 and 3. 

With a small number of armature slots, a smaller number of coils 
will be required than w T ith a larger number, but the number of turns per 
coil and, therefore, the slot size will be larger. A small number of slots 
might therefore lead to a slight saving, because there are fewer coils to 
wind, form, insulate, place into the slots, and connect. The armature 
slots affect the flux wave which the armature conductors cut. The 
ripples in the flux wave induce harmonics in the voltage wave 
of generators and produce eddy-current losses in the pole faces of 
motors and generators. The effect of the armature slots upon the flux 
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wave can generally be reduced by using a large number of narrow 
slots. 

The tooth pitch at the armature surface is 


7 tD 



It may serve as a guide when choosing the number of armature slots. 
The slot width is generally equal to or slightly less than the tooth width. 
For a small tooth pitch, the armature tooth will be narrow. This condi- 
tion might lead to difficulties in construction, for the reason that it is 
difficult to support the armature teeth at the ventilating ducts and at the 
ends of the armature core without obstructing the ventilation. For 
synchronous motors and generators, the tooth pitch at the armature 
surface is generally 0.80 to 2.0 in. With a small tooth pitch, the arma- 
ture coil end-connections are close together, with no space for ventila- 
tion between the coils For high-voltage machines, which are generally 
built in large capacities, it is, as a rule, desirable to use a large tooth 
pitch. The effect of the armature slots upon the air gap flux distribution 
curve is generally quite small for large machines because the air gap 
length is large. 

Armature Coil Construction and Insulation. — The armature coils for 
synchronous motors and generators are wound with round, square, or 
rectangular copper wire. For small-capacity, high-voltage machines, 
which require a large number of turns of small wire, round conductors 
are often necessary. Whenever possible, square or rectangular conduc- 
tors are used because they make mechanically stronger coils with smaller 
air spaces between turns. For large-capacity machines requiring large 
conductor sections, each conductor is built up of a number of small wires 
in parallel. By subdividing large conductors, a more flexible coil is 
obtained, which can be easily formed. The eddy current losses present 
in large solid conductors are thereby reduced. 

For some machines, form- wound coils are used. A winding form 
with wire-wound coil is shown in Fig. 127. The pulled type of armature 
coil is used for most machines. This coil is wound on a bobbin, as shown 
in Fig. 128, and then pulled out to the required shape on a coil-pulling 
machine. Whenever possible, the coils should be wound in such manner 
that there is only one turn per layer. Fig. 129 A shows a section of a 
coil wound with rectangular conductors with only one turn per layer. 
When the section area of the conductor exceeds approximately 0.100 
sq. in. or when it is not possible to obtain satisfactory slot dimensions 
with one conductor, the arrangement shown in Fig. 1295 is used. 
Each conductor is subdivided by using several small wires in parallel. 
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arranged in such manner that the conductors per layer are connected in 
parallel. The line through the conductor of each layer indicates the 



Fig 127 — W Hiding form with coil. 


parallel wires. Figure 130 shows a large armature coil wound with 
12 wires, 0.080 X 0.145 in., in parallel. 



Fig. 128. — Coil-winding machine. 


For machines requiring a large number of turns of small wire, the 
arrangement of conductors shown in Fig. 129^1 and B cannot always be 
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used. For such machines the coils should be wound as shown in Fig. 
131-4. With this arrangement, one half of the coil must be wound back- 
wards, that is, in opposite direction to the other half. The two halves 
of the coil must be insulated from each other, because of the high voltage 



Fig. 129. 


between the beginning and ending lead. 
Coils with many turns may also be wound 
as shown in Fig. 131J5. For this method 
of winding the coils, the turns of each 
layer cross each other, and experience has 
shown that short circuits often occur at 
these cross-over points. This method 
should be used only with round wire and 
in sizes 0.0163 sq. in. area and smaller. 

Double-cot ton-covered conductors are 


generally used for the armature coils. For machines to operate at high 


temperatures or for heavy overloads for short periods, asbestos-covered 




Fig. 130. — Armature coil with 12 wires, 0.08 in. X 0.145 in. in parallel. 


wire is sometimes used. The straight part of the bobbin-wound coil is 
molded in a steam or electrically heated mold and is then pulled out on 
a coil-pulling machine to the required 
shape. For high-voltage, large-capacity 
machines, the pulled-out coil is treated by 
the vacuum process, 0 to fill all interstices 
with an insulating, moisture-resisting, 
heat-conducting compound. To maintain 
a smooth surface on the outside of the coil, 
it is wrapped with a sacrifice tape before 
it is impregnated. This tape is removed 
after the coil has been treated. For mod- 
erate-voltage machines, the coils are often given a varnish treatment 
instead of the vacuum treatment. In the varnish treatment, the coils 

6 “Insulation and Design of Electrical Windings,” by A. P. M. Fleming and 
R. Johnson, p. 68, Longmans, Green and Co., London; Electric Journal, Vol. 22. 
Feb., 1925, p. 95 
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are first dried and then dipped into a bath of insulating varnish. 
After removal from the varnish bath they are allowed to drain and are 
then baked at a temperature of 100° C. until dry. This treatment is 
repeated two or three times, depending upon the voltage, size, and type of 
machine. 

After the varnish or impregnating treatment, the coils are ready for 
the insulation, which consists of wrappings or tapings of varnished cam- 



fnsufated conductor 
Coif insulation 0.060" 
-Slot lining 0.010 "paper 


Insulation Clearances 


Width 

2 X 0 060 in. - 0 120 in. 
2X0 010 in. * 0 020 in. 
Clearance = 0 010 in. 

Total = 0 150 in. 


Depth 

4 X 0 060 in. = 0 240 in. 
3X0 010 in. = 0 030 in. 
Wedge = 0 180 in. 

Total = 0.450 in. 


Fig. 132. — Thickness of coil insulation and slot clearances for a 2400-volt armature 
winding for 40-in. diameter or larger. 

TABLE XVI 

Clearance Allowance for Slot Insulation for Armature Windings 
of Synchronous Machines with Open-Type Slots 





Slot Depth 

Slot Width 




Gap Diameter 

Gap Diameter 

Volts 

S 

2b 

10 In. 


40 In. 

10 In. 


40 In. 




and 

20 In. 

and 

and 

20 In. 

and 




Lehb 


Over 

Le.sb 


Over 

0- 300 

0 10 

1 50 

0 24 

0 25 

0 31 

0 060 

0 005 

0 080 

300 000 

0 12 

1 75 

0 27 

0 20 

0 34 

0 075 

0 085 

0 095 

600- 1,500 

0 14 

2 00 

0 30 

0 31 

0 37 

0 000 

0 005 

0 110 

1,500 3,000 

0 16 

2 25 

0 34 

0 30 

0 15 

0 110 

0 120 

0 150 

3,000- 5,000 

0 18 

2 50 


0 12 

0 51 


0 150 

0 180 

5,000- 8,000 

0 20 

3 00 


0.52 

0 05 


0 200 

0 250 

8,000 12,000 

0 25 

3 50 



0 80 



0 32 

12,000 15,000 

0 30 

4 00 



1 00 



0 42 


brie, mica, or combinations of both, depending upon the size of the coil 
and the volt age for which it is to be insulated. The standard test voltage 
for which the armature windings of synchronous machines must be 
insulated is given in the Standardization 7 Rules of the A.S.A. It is 


» A.S.A. Standards C50, 1943. 
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twice the rated voltage of the winding, plus 1000. The high-voltage test 
is to be made when the windings are at operating temperature. 

The insulating materials generally used are : cotton and linen tape, 
mica and mica tape, glass and glass tape, varnished cambric, and in- 
sulating varnishes. Figure 132 shows how the insulation clearances for 
width and depth of slot are determined. Table XVI gives the insula- 
tion clearances usually required for width and depth of slot for syn- 
chronous machine armature windings for various voltages. In the 
allowance for the depth in this table 0.15 in. is allowed for the wedge for 
gap diameters less than 40 in. and 0. 18 in. for gap diameters over 40 in. 
For partly closed slots the insulation allowances are taken into account 
as explained on page 310. 

Conductor Section and Slot Size. — The armature copper loss 
W a — I^If'a watts. 

The current in the armature winding 

I ~ A 

and the resistance of the armature winding 

R — 

“ Sa X 10 6 

Here L is the total length of the armature conductor. 

Making the substitutions, 

Wa = Aa 2 s a 2 — - r — = A a 2 S a Lr X 1<T 6 . 

S a X 10° 

The weight of the armature copper 


and 


Ga = Ls a X 0.321 


Ls a 


G a 

0.321 ’ 


For 25° C., r = 0.692 and 

W a = A a 2 G a X 2.15 X 10~° watt. (139) 

For 75° C., r = 0.826 and 

W a = Aa 2 G a X 2 . 58 X 10 -6 watt. (139a) 

To obtain the effective alternating-current resistance the equations for 
W a must be multiplied by the stray-loss factor. This factor depends 
upon the ratio of the stray load losses to the armature copper losses. 
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This equation shows that the armature copper loss varies directly 
with the current density squared and the weight of the copper. Since 
the armature copper loss is a large percentage of the total losses and 
since the temperature rise of the armature copper depends upon the 
copper losses, it follows that temperature rise or efficiency or both will 
generally limit the value of A a . The number of armature conductors 
required for a given voltage and flux increases as the speed of the 
machine decreases. The copper loss for a given current density will 
therefore generally be higher for slow-speed machines than for high- 
speed machines. To obtain an economical design, the current density 
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Fig. 133. — Approximate current densities lor armatuie windings of 50° C. salient- 
pole sy nchi onous machines. 

should be chosen as high as good operating characteristics will permit. 
The curves in Fig. 134 give average values for the armature current 
density for various capacities and speeds. 

The section area of the armature conductor 

s a = - 7 — sq. in. (140) 

A ad 

The open type of armature slot is generally used for armatures of 
synchronous machines. For open-type armature slots, the leakage 
flux is not equally distributed over the entire slot depth, and, as a result, 
a difference of potential is produced between the top and bottom of any 
conductor in the slot. If the conductor is large, this difference of poten- 
tial will set up equalizing currents in the conductor, which may lead to 
copper losses several times greater than the copper loss due to the normal 
load current alone. These eddy-current losses may be reduced to a 
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negligible value by subdividing the individual conductors. This is done 
by using several small wires in parallel or by using pressed cable. For 
large-capacity machines, transposed 8 conductors or inverted turn coils 
must be used in addition to subdividing the conductors. Figure 134 
shows a portion of an armature coil for a 12,500-kva. turbo-generator. 
The coil has two turns, and each turn is inverted in the end-connection. 
The armature conductor for synchronous machines is therefore gen- 
erally built up of a number of small insulated wires in parallel. 



Fig. 134. — Part of turbo-generator coil showing transportation in end-connection. 


The dimensions of the slot can be found by adding, to the space 
required by the insulated conductors in the width and depth of the 
slot, the insulation clearance necessary. The insulation clearances 
for width and depth of slot are given, for various voltages, in Fig. 132. 

Mean-Turn, Resistance, and Weight of Armature Winding. — The 
shape of the armature coils for synchronous machines is approximately 
the same as that of the armature coils for direct -current machines. 
The angle a, Fig. 135, which the straight part of the end-connection 
makes with the edge of the armature core can be calculated as follows: 


d 

sin a = — • 
ti 


(141) 


Here t\ is the tooth pitch at the armature surface and d is the thickness 
of one coil at the end-connections plus the clearance between adjacent 

8 “ Reduction of Armature Copper Losses,” by I. H Summers, A I E E. Journal, 
Vol. 46, May, 1927, p. 451, “ Additional Losses of Synchronous Machines,” by C. M. 
Laffoon and J. F. Calvert, A.I.E.E. Journal, Vol. 46, June, 1927, p. 573, “ Transposed 
Armature Coils in Alternating Current Generators,” by S. L. Henderson, Electric 
Journal, Vol. 23, July, 1926, p. 348. 
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end-connections. The thickness of the cqU at the end-connections may 
be taken equal to the slot width. The clearance, s, Fig. 135, is given in 
Table XVI. 

The coil pitch is calculated on a diameter through the mean of the 
slot depth. It is 

7r(Z) + d 8 ) . 

= P in. 

V 


P is the per unit pitch of the coil. The length of the straight part of the 
end-connection for one end of the coil 


2 C 


+ d.) p . 

p m 

p cos a 


The part of the armature coil which is embedded in the slot is allowed 
to extend beyond the edge of the armature core a distance 6, Fig. 135. 



Fig. 135. — Armature coil end-connections. 


The length of this coil extension depends upon the voltage of the wind- 
ing. It is given in Table XVI. 

The loop at each end of the coil has a mean length approximately 
equal to the slot depth. 

The complete expression for the length of one-half the mean-turn 
of an armature coil 

L a = P + 2b + d. + l in. (142) 

p cos a 

The horizontal extension of the armature coil beyond the armature 
core is equal to the sum of b + / + g, Fig. 135. 


/ = C sin a in. 
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The horizontal extension of the armature coil beyond the armature 
core on each side is then 

= C sin a + b + d a = - ~ ^ p s i n a + b + d 8 

2 p cos a 

tt{D + d 8 ) r>x , 7 , 7 . 

= — P tan a + b + d 8 m., 

and g is approximately equal to the slot depth. 

The resistance per phase of the armature winding 

^ L„Nr , 

R° = — — 77^ ohms - O 43 ) 

as a X 10° 

r X 10~ 6 is the resistance of copper per inch of 1-sq. in. section. For 
25° C., r = 0.692 and for 75° C., r = 0.826. When the armature 
conductor is built up of several small wires in parallel, s a in formula 143 
must be the section area of the group of parallel wires. The resistance 
of the winding at any other temperature, 7 7 2, can be calculated by 
formula 37, page 59. 

The bare weight of the armature copper 

G a = LaNamSa X 0.321 lb. (144) 

Here s a is the section area of the group of parallel wires, when the 
armature conductor is built up of several small wires in parallel. The 
approximate insulated weight can be calculated from the data given in 
the copper tables. 

Sample Design: Design of Armature Winding. — From the data 
given on page 176, an air gap density of 42,000 lines per sq. in. is assumed. 

<£ t = 7r DlBy = 7 r X 100 X 17.5 X 42,000 

= 231,000 kilo-lines. 

The design of the pole shoe is given on page 179. The air gap flux 
distribution curve is shown in Fig. 109. The form factor f b = 1.14, 
and the flux distribution factor fa = 0.666. The winding distribution 
factor may be taken equal to 0.956. 

C w = fbfdk d = 1.14 X 0.666 X 0.956 
= 0.725. 

For a pitch winding, the number of conductors in series per phase 

_ E X 60 X 10 8 1390 X 60 X 10 8 

<t> t nk p Cu, ' 231,000 X 10 3 X 225 X 1 X 0.725 

= 221 . 
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For a winding with one circuit per phase, the total number of con- 
ductors^ 221 X 3 = 663. 

With 3 slots per pole and phase, the total number of slots 


5 = 3 x 3 x 32 = 288, 
and the tooth pitch at the air gap surface 


<i = 


irD 3.11 X 100 
8 ~ 288 


= 1.09 in. 


The number of conductors per slot 


603 „ o 

_ 288 ” ' ' 


As stated above, this number must be an integer and must be a multiple 
of 2. If a one-circuit winding is to be used, 2 conductors per slot will 
be required. But decreasing the number of conductors to this value 
will produce too large an increase in the total flux. If a 2-circuit 
winding is used, the conductors per slot must be doubled. With 
a 2-circuit winding and 6 conductors per slot, the total flux will be too 
small. It may be increased by using a chorded winding, but this would 
require a chord factor of about 0.75, which is not satisfactory for a 
32-pole machine. The number of slots should therefore either be 
decreased, so that a 2-circuit winding with 0 conductors per slot can 
be used, or increased to permit a 2-circuit winding with 4 conductors 
per slot. 

With 3^ slots per pole per phase, the total number of armature 
slots 

S = SI X 3 X 32 = 336. 


The tooth pitch at the air gap surface 


h 


tD _ 3. 14 X 100 
S ~ 336 


0.935 in. 


The armature windings for synchronous machines are generally 
designed with more than one turn per coil. Large-capacity turbo- 
generators, for which coils with transposed conductors are used, require 
only one turn per coil. A 2-circuit winding will therefore be used. 
The total number of armature conductors required = 2 X 663 = 1326. 
The conductors per slot 


1326 

336 


3 . 95 or 4. 




Fig. 136. — Winding lay-out and connection diagram — 3i slots per pole per phase — three-phase, two-circuit star; 
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For this winding, with 10.5 slots per pole, a pitch coil can not be 
used. A coil throw, slot 1 to 10, will be used, 


k„ = sin 


9 


10.5 


90 = 0.975. 


The diagrams for the winding are shown in Fig. 136. 
The final value of the total flux 


4>t = 


E X 60 X 10 s 


1390 X 60 X 10* 


NnC w k p 224 x 225 X 0 725 X 0 975 
= 234,000 kilo-lines. 

The armature current 

Ivva X 10 3 2500 X 10 3 

1390 xT 


I = 



Insulated conductor 
0149x0.276 
4 m parallel 
2 turns per coil 


Fkj 137. 


Ex 3 
= 600. 

The section area of the armature conductor 
I 600 

S ”'oi„" 2 x 2200 
= 0 130 sq. in. 

The tooth pitch at the air gap surface has been calculated above; 
it is equal to 0.93.) in. The width of the slot should not be greater than 
one-half of 0.935 in., or 0.4073 in. The coils will be wound with 4 d.c.c. 
copper ribbon conductors in parallel and arranged in the slot as show r n in 
Fig. 137. The insulated dimensions of each conductor are (see copper 
tables) : 

Width 0.270 in., thickness 0.149 in., area 0.0325 sq. in. 

The slot dimensions required are (see Table XVI): 

Width = 1 X 0.270 + 0 15 = 0 420 in. 

Depth = 10 X 0 149 + 0 45 = 2 83 in. 

The current density for this conductor 
000 


A a = 


2 X 4 X 0 0325 


- = 2310 amperes per sq. in. 


This winding will be satisfactory provided that the densities for the 
various parts of the magnetic circuit do not exceed the limits given in 
Chapter XII. 
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The length of the half mean-turn of the armature coil is calculated 
as follows (see Fig. 135) : 


d 0 420 + 0 15 na „ 

sin a = — = = 0 olo 

t, 0 935 

a = 38° and cos a = 0 788, tan a = 0.781. 
The per unit pitch 


P = 

L a = 


10 5 

7 r(D + ds) 


= 0 857, 

P + 26 + d s + l 


p COS a 

3 14(100 + 2 83) 

-0 8.-,7 + 2 5 + 2 83 + 17 5 


= 33.78 in. 

The resistance per phase of the armature winding at 75° 0. 

R = L " Nr = 33 7 8 X 22* X 0 826 
“ 08 a X 10 b ” 2 X 4 X 0 0323 X 10 () 

= 0.024 ohm. 

The alternating-current resistance of the armature winding is taken 
equal to 1.30 times the direct-current resistance (see page 255) 

fiac. = 1.30 X 0.024 = 0 0312 ohm. 

The bare weight of the armature copper 

G a = LaNamSa X 0.321 

= 33.78 X 224 X 2 X 3 X 4 X 0 0325 X 0 321 
= 1890 lb. 


The approximate insulated weight equals 1950 lb. 
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MAGNETIC CIRCUIT 

The fundamental formulas for the magnetic circuit are given on 
page G4, Chapter IV. The magnetic* circuit for a pair of poles for a 
salient -pole synchronous machine with revolving field is shown in Fig. 
138. The path of the magnetic flux comprises the air gap, armature 
teeth, armature yoke, field pole, and field yoke or spider rim. The 
material and flux densities are not the same for all parts of the magnetic 
circuit; therefore, the ampere-turns must be calculated separately 
for each part. The symbols used for these calculations are the same as 
those used for direct-current machines, page 05. The total ampere- 
turns per pole for no-load and normal voltage 

ATP„ = AT, + AT* + AT„ tt + AT, + AT y/ . 

Ampere-Turns for Air Gap. The maximum value of the flux den- 
sity in the air gap 



s o 


The section area of the air gap 

s 0 = irDlg. 

When the length of the armature core stack exceeds from 5 to 0 in. it is 
usually divided into sections by radial ventilating ducts. These 
ventilating ducts reduce the permeance of the air gap section, necessitat- 
ing a greater magnetomotive force to send the flux through the air gap. 
The effective length of the air gap section can be determined by equation 
40, page 07, by using for the tooth pitch t\, the length of a lamination 
stack plus a ventilating duct, for the slot width w 8 , the width of a duct, 
and for the tooth width the width of a stack of laminations. Then 
the effective length of the air gap section 



For machines with stack lengths not over 12 to 14 in. this correction is 
usually small and l 0 can be taken equal to L 
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The ampere-turns per pole for the air gap 


AT, 


Bghk 
3~~2 * 


The air gap coefficient, k, is calculated by formula 46, page 67. 

Ampere-Turns for Armature Teeth. — Slots with parallel sides are 
most common for synchronous machines. The tooth width is therefore 
smaller at the armature surface than at the bottom of the slot. The 
section area of the teeth at the armature surface 

= w t \(l - ndW d )k\S. (146) 

The number of ventilating ducts is always so chosen that the space 
between ducts does not exceed 3 to 4 in. The width of the ducts is jj in. 
for small and medium-size machines and \ in. for large-capacity machines. 
The lamination factor, At, depends upon the method of insulating the 
laminations and upon the kind and thickness of the sheet. For silicon 
sheet steel 0.014 in. thick and insulated with core plate varnish, 
ki = 0.90. For sheet steel 0.019 in. thick, At may be taken equal to 
0.93. 

The maximum flux density 

tin — 

Stl 


The maximum flux density in the armature teeth should generally not 
exceed 100,000 lines per sq. in. High tooth densities produce high 
iron losses and require a large number ol ampere-turns on the field 
winding. Low 1 ooth densities, on the other hand, result in an uneconom- 
ical use of magnetic material. The density at the armature surface 
will generally lie between the limits 

B t \ = 75,000 to 95,000 lines per sq. in. 

To take into account the effect of the tooth taper, the ampere-turns 
for the teeth are calculated for the density at a section J tooth length 
from the minimum section. 


and 


s t a = wa(l - njiv d )kiti 



The method of calculating wrs is shown in the sample design, page 221. 

From the standard saturation curves for the material used in the 
armature laminations, the ampere-turns per inch corresponding to the 
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density B t z are found. Then 

AT* = at*/*. 

The length of the flux path for the armature teeth, £*, is equal to the slot 
depth. 

Ampere-Turns for Armature Yoke.— The flux of each pole passes 
through the armature teeth into the yoke and divides, one-half return- 



ing through eaeli of the adjacent poles as shown in Fig 
per pole 



138 . 


The flux 


The depth of the iron below the slots, d ya , is calculated by formula 57 
in the same way as described for direct-current machines. The flux 
density in the armature yoke depends upon the grade of sheet steel 
used for the' armature laminations and upon the frequency of the flux 
reversals. The losses in the armature iron increase with the frequency 
and the density. The weight of the iron in the armature yoke is the 
largest part of the total iron w r eight; therefore low T flux densities will 
generally be required to avoid high core losses. For 60-cycle synchro- 
nous machines, the flux densities in the armature yoke will generally lie 
between the limits 50,000 to 85,000 lines per sq. in. For lower fre- 
quencies, slightly higher values may be used. 




400 800 1200 1400 2000 2400 2800 3200 3600 4000 

KVA 

Fig. 139. — Approximate field leakage constants for salient-pole synchronous 

machines. 



Fig. 140 . 


The length of the flux path for the yoke is taken equal to one-half the 
pole pitch on the mean diameter of the yoke. 



Ampere-Turns for the Pole. — The flux in the poles is equal to the 
useful flux which crosses the air gap and enters the armature, plus the 
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leakage flux. The pole body density 


The leakage flux can not be calculated until the dimensions of the pole 
are known. The flux density in the pole will depend upon the kind of 
material used. For laminated poles, 

B p = 85,000 to 100,000 lines per sq. in. 

For cast-steel poles slightly lower values are necessary because of the 
non-uniformity of this material. The field leakage constant, X, may 
be estimated with the help of the curves, Fig. 139. The section area of 
the pole body can then be calculated by the formula above. The axial 
length of the pole may be made slightly less than the armature length, 
but, more often, h will be equal to /. 

The field leakage flux may be calculated approximately by the fol- 
lowing formulas 1 (see Fig. 140) : 


<t>, i = X13- 1 - 

di 

<#>i 2 = A' 1 9 h s log 


16.5 


lihp 
° d„ ' 


l0 ( 1 + iD' 


0z4 = X 9.5/ip logio ( 1 + 


X = AT, + AT* + AT 

< Pi = <t>ll + <I>12 + 0/3 + 0Z4* 

. 0 + 0 / , . 0 / 

X = =14 

0 0 


The ampere-turns per pole for the pole 

AT p ■— - at pip* 

The length of the flux path, l p , is equal to the radial height of the pole. 
This value depends upon the space required by the field winding. The 
ratio of the radial length of the pole to the pole pitch is generally equal 
to 0.30-1.50. The small value is for machines with a small number of 

1 The development, of those formulas is given on page 73. See, also, “ Field 
Leakage in Synchronous Machines,” by Theo. Schou, Electrical Review, Vol. 77, 

p. 281. 
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poles, or large pole pitch; and the large value for machines with a large 
number of poles, or small pole pitch. 

Ampere-Turns for the Field Yoke. — The field yoke or spider rim, to 
which the field poles are either boiled or keyed, is either of cast iron, cast 
steel, rolled steel, or built up of rolled steel plate (see page 172). For 
cast-iron spiders, the density in the field yoke should not exceed 

30.000 lines per sq. in., and for cast-steel spiders it should not exceed 

60.000 lines per sq. in. With rolled steel and laminated field yoke, 
higher densities may be used. For large-capacity high-speed machines, 
the spider rim section must bo checked also for mechanical strength. 
Generally, however, the section that satisfies the magnetic require- 
ments will be large enough to meet the mechanical requirements for 
strength. Synchronous motors and generators are often designed to 
have a large inherent flywheel effect. For this purpose the section 
area of the spider rim is larger than is necessary to meet the magnetic 
requirements given above. 

The section area of the field yoke 

</>X 

s vf = 77 “* * 

&vf 

The length of the yoke section parallel to the shaft is generally equal 
to the length of the pole, fa. When extra large yoke sections are used 
to obtain large flywheel effect, l> is often made larger than fa. 

The depth of the spider rim 


The ampere-turns for the field yoke 

A I ,// = = &tj /flyf. 


The length of the flux path is shown in Fig. 138, and is taken equal to 
one-half of the pole pitch on the moan circumference of the spider rim. 

The open-circuit saturation curve is calculated as explained on 
page 75. The calculations for the sample* generator design are given 
on page 224. 

Sample Design: Magnetic Circuit . — Five ventilating ducts, each 
2 in. wide, are used in the armature. The length of the air gap section 


l _ 17 50 
k ” 1 038 


16 9 in., 


where k = 


2_92 

2 42 + (0 406 X 0 97) 


1.038. 
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The air gap density 

<t> t 234,000 X 10 3 

Ba ~ vDl 0 ~ 3.14 X 100 X 16.9 

= 44.1 kilo-lines per sq. in. 

The length of the air gap has been estimated at 0.40G in., and the 
air gap coefficient 

h 0.935 

C ~~ w n + (by) 0.509 + (0.40G X 0.90) 

= 1.07. 


The ampere-turns per pole for the air gap 

B u 8k 44,100 X 0.406 X 1.07 
~ 3 2 3.2 

= 5980 ampere-turns. 


The maximum density in the armature teeth 


Ba = 


4>t 

w t \{l — n d w d )kiS 


234,000 X 10 3 

0.509(17.5 - 5 X^)0.93 X 336 


= 98 kilo-lines per sq. in. 


The width of the armature tooth at a section \ tooth from the mini- 
mum section 


t r(» + id.) 

Wts = Ws 

o 


7r(100 + 1 2.83) 
336 


0.426 


= 0.526. 

<fiu 234,000 X 10 3 

” w[ 3 (l - njWd)hS ~ 0.526(17.5 - 5 X ^)0.93 X 336 

= 95 kilo-lines per sq. in. 


From the standard saturation curve for dynamograde silicon steel, 
at t = 50 ampere-turns per inch, and 

ATt = a Ult = 50 X 2.83 

= 142 ampere-turns. 
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The flux per pole 

(t>,f d _ 234,000 X 10 3 X 0 066 
* = ~jT = 32 

= 4870 kilo-lines. 

The depth of the armature yoke 

<t> 4870 X 10 3 


d 


va ( l - n d w d )l n Bya (17 5 - 5 X })0 93 X (>0,000 
= 5 82 in. 

The outside diameter of the armature eore 
Do = D + 2d, + d v „ = 100 + (2 X 2 83) + 5 82 
= 111 48; make this 112 in., 


and 


d va = Do - (D + 2d,) = 112 - (100 + 2 x 2 83) 
= 6 34 in 


The flux density in the armature yoke 

4> 4870 X 10 8 

’'“(/- n^JD d )k idyn ~ (17 5 - ."> X ])0 93 X 0 34 

= 55 kilo-lines per sq. in. 

The length of the flux path 

7 __ tt(D + 2d, + \d ya ) _ 3 14(100 + 2 x 2 83 + Jx(i 34) 
ya 2 p “ 2 X 32 

= 5.34 in. 

The ampere-turns per inch, from the standard saturation eurve for 
dynamograde silicon steel, at y „ = 3 0 ampere-turns per in , and 

A-F^a = at yu^yn == 3 . () X 5.34 

= 19 ampere-turns. 

The field leakage constant is taken equal to 1.38, and the section 
area of the pole body 

_ 0X _ 4870 X \0 S X 1 38 
B p 

= 70.7 sq. in. 


p 


95,000 
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The length of the pole parallel to the shaft is 17.5 in., and 
70.7 

w P - = 4 . 05 in. ; use 4 in. 

17.5 

The radial height of the pole depends upon the space required by 
the field winding. It is estimated at 7.0 in. (see page 219). 

The leakage flux is calculated by the formulas given on page 219. 

h = 17.5, A. = 1.125, d t = 3.06, B = 6.75, 

h p = 0.25, d h = 5.0, w p = 4.0. 

10 hh H 1€ 17.5xl.125 

(1) 13— = 13 — = 83.60. 

v dt 3.00 


(2) 19/<«log 




19x1. 125 X log 


\ 2 X 3.00/ 


= 13.90. 


0.5 h — — 0.5 — 
d b 


. 17.5 X 0.25 


= 142.00. 


(4) 9 


9.5 h p log ^1 


= 9.5 X 0.25 log 


(i + 

\ 2 X 5.0/ 


X = 0280 + 199 4- 14 = 0-193. 


<jn = X X 200.50 = 0493 X 200.50 = 1,090,000. 

<t>i 1 ,090,000 

X = + 1 = - L — - — + 1 = 1.347. 

<t> 4,870,000 

The flux density in the pole body is, then, 


4,870,000 X 1.347 
4 X 17.5 


= 93,000 lines per sq. in. 


The ampere-turns per inch, at = 45. The length of the flux path 
l p = 7.0 (see Fig. 138), and 

AT P = l p at p = 7.0 X 45 = 315 ampere-turns. 

The section area of the spider rim 

_ ^X _ 4,870,000 X 1.347 

S,</ ~ R v s ~ « 5,000 


= 101 sq. in. 
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If the length of the spider rim parallel to the shaft is made equal to 
the armature length, 

d v i = = 5.77 in. 



AT per Pole 

Fig. 141. — Open-circuit saturation curve. 


TABLIO XVII 
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The length of the flux path in the field yoke (see Fig. 138) 
l V f = 4.05 in. 

The ampere-turns per inch for hot-rolled steel, at = 16, and 

AT„/ = 4 05 X 16 = 65 ampere-turns. 

The calculations for the open-circuit saturation curve are given in 
Table XVII. The data in the table are plotted in Fig. 141. 
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ARMATURE REACTIONS IN SYNCHRONOUS MACHINES 

When an alternator is carrying load, the armature current produces 
an alternating current field, which may be divided into two parts. 
One part passes through the magnetic circuit, and its effect is called 
armature reaction. The other part, called armature leakage field, 
does not pass through the magnetic circuit. Its effect is called armature 
leakage reactance. 

Armature Leakage Reactance. — The number of interlinkages 
between the armature leakage flux per unit of current, times the rate 
of change of the flux, is called the leakage reactance of the armature. 
The following method of calculating the armature leakage reactance 
was presented by P. L. Alger 1 before the American Institute of 
Electrical Engineers. 

For convenience in calculating the reactance, the armature leakage 
flux is divided into four parts: 

(1) The slot leakage flux, Fig. 143, which has its path through the 
slot and through the iron of the teeth and 
below the teeth. 

(2) The end-connection leakage flux, 
which encircles the armature coils at the 
end-connections. 

(3) The zig zag leakage flux, which has 
its path in the air gap. 

(4) The belt leakage flux, which has its 
path in the air gap. 

The slot reactance in ohms per phase, 
due to the slot leakage flux, is equal to the permeance of the path 
across a unit length of the slot, times the length of the slot, times the 
number of slots in series per phase, times the number of conductors in 
series per slot squared, times the rate of change of flux, times 10 ~ 8 
ohm. 

The slot leakage flux path, Fig. 142, is partly through air and partly 

1 “The Calculation of the Armature Reactance of Synchronous Machines ” bv 
P. L. Alger, A.I.E.E. Trans., Vol. 47, April, 1928, p. 493. 
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through iron. The reluctance of the part of the path in the teeth and 
yoke is negligible compared to the reluctance of the part in air; therefore 
the length of the path of the slot leakage flux is taken equal to the slot 
width. The permeance of the path for flux (1), Fig. 142, interlinking 
all the conductors per slot is 

0 4x— • 

w. 


For a pitch winding, for which the currents in the two coil sides per slot 
are identical in magnitude and phase, the linkages per ampere produced 
by the flux in paths 2 and 4 are 


0 47r 


di — d% 
3 w 8 


because, with uniform current distribution over the height d ]} the flux 
density distribution is linear and the linkage distribution is parabolic; 
and the average height of a parabola is one-third its maximum height. 
The flux through path 3 links one-half the total current. The linkages 
due to it are therefore one-fourth as much as they would be if this flux 
linked all of the current. The linkages due to the flux of path 3 are 


The total permeance for the slot per unit length is 


0 4tt 


di C?2 
3w 9 w a 



For fractional pitch windings, the currents in the two coil sides in 
some of the slots are not in phase, and the expression for the slot perme- 
ance must be corrected to take this into account. This is done as 
explained in the paper referred to above; thus the final expression for 
the slot reactance per phase 




0 8tt 2 S, 
10 8 f m 



)] 


0 79 flmN 2 T / d L daV 
10 7 S a . 8 \3w a w 8 ) _ 


ohms. 


For dimensions in inches, the constant 0 79 must be changed to 2 0. 
The third factor in the expression for the permeance is generally so 
small that it can be neglected. The factor K % is shown in Fig. 143 
plotted against per cent pitch. 
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The end-connection leakage reactance 

0.7$flmN 2 [0.30(3P - l)Z>N,j 


X.= 


L' 


10hS, 

The zig zag leakage reactance 


8 \SJ 


X*. 


The belt leakage reactance 
X 6 = 0 


pH 



PerCent Pitch 


Fig. 143. 


for a machine with squirrel-cage winding in the pole faces and integral 
number of slots per pole per phase 


X b = l X^K, 
4 


for salient-pole synchronous machines without squirrel-cage winding in 
the pole faces and with integral number of slots per pole per phase, and 



for salient-pole synchronous machines with fractional number of slots 
per pole per phase. The belt leakage constant, K b , is shown in Fig. 144. 
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The total leakage reactance per phase for synchronous machines 
with fractional number of slots per pole per phase with dimensions in 
inches 

„ 2 . OflmN' 2 

Xl ~ 10 7 S, 



0 . 3 (3P - 1 )DS. 0.53M P W 
+ p 2 l + Sjtk 


ohms. 


(148) 



Fig. 144. — Bolt leakage constants. 


For machines with integral number of slots per pole and with squirrel- 
cage winding in the pole faces, 

v 2 0 flmN 2 


" , /di_ ch\ 0 3(3 P - 1 )DS, 0 260/)Ay > /;,r ~ 

. V ' \3w* + wj pH SM' 


ohms. 


(149) 


For machines with integral slots per pole but without squirrel-cage 
winding in the pole faces, 

2 0 flmN 2 

Xl = ~Togs~ 

r {<u d>\ 0 3(3P-1)/ASA 0 200 0 3\9nk p 2 kj*SJC b l 

L \Sw 8 wj pH p 2 5k J 

ohms. (150) 


The per cent reactance drop due to full-load current equals 

AV 

E 


X 100. 
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The formulas given above are for salient-pole, synchronous machines 
with two-layer windings and with the coils in 60° belts. 

The standstill reactance of a synchronous motor with open field 
winding can be calculated by adding to the formulas given above the 
squirrel-cage reactance. 

The squirrel-cage reactance of a salient-pole, synchronous motor is 

rather difficult to calculate accurately, 
because of the unequal distribution of 
the current between the bars of each 
pole. It is divided into slot, end-con- 
nection, and zigzag leakage reactance. 

The slot reactance is calculated by 
assuming the bars uniformly distrib- 
uted, as in a squirrel-cage induction 
motor. The equivalent rotor slot reactance (see Fig. 145) 




□i 

Fig. 145. 


d, 


Fig. 146. 


_ 2.0 k,*kfS. ( 
10 7 <S’» S r V 


di d 2 2 d\\ 

— + — H — 

3 w K w H w„ X w K \ 


d\ \ 


H ) ohms. (151) 

w s i/ 


If round bars are used in the squirrel-cage, as shown in Fig. 14(), then 
the rotor slot reactance 


= 


2 . QflmN 2 k p 2 k^S t 
10 7 S a S r 


^ 0.0 


(52 + 


<U 

w. i/ 


ohms. 


(152) 


The end-connection reactance for the squirrel-cage winding is gen- 
erally small and will be taken equal to zero. 

The rotor zigzag leakage reactance 


"6 X ’ 


(0 


ohms. 


The magnetizing reactance of a synchronous machine 
2. QflmN 2 /0 . 3m~ p 2 k d 2 DS. 


Then 


X m = 


X„ = 


X 

YS 

io 7 s. V 


10 7 £. V P 2 8lc 
2 . QflmN 2 /0 . 2QQk p 2 lc d 2 DS, 


S 2 8k 


ohms. 

(153) 

ohms. 

(154) 


The standstill reactance of a synchronous motor with open field 
winding is then equal to the sum of the stator reactance, as calculated 
by formulas 148, 149, or 150, plus the rotor slot and zigzag reactances 
given by formulas 151 and 154. 
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Synchronous motors are generally started with the field winding 
short-circuited through a resistance, to limit the voltage induced in the 



Fig. 147. — Equivalent circuits for self-starting synchronous motors: (a) single 
squirrcl-cage, (b) double squirrel-cage, (r) double squirrel-cage with single cage bars 
at each pole tip. X /„ and It /« are the reactance and resistance of the field winding 
in terms of the stator winding. 

field winding during starting. The standstill reactance of a synchronous 
motor with short-circuited field' winding is equal to the standstill react- 
ance with open field winding plus the field reactance. The total field 
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reactance can be calculated as explained by R. H. Park and B. L. 
Robertson in “ The Reactances of Synchronous Machines.” 2 

The squirrel-cage winding of self-starting synchronous motors is 
active only during the starting period and must be designed to give the 

required starting and pull-in 
torque. Synchronous mo- 
tors will generally pull into 
synchronism when the field 
excitation is applied, if the 
speed is approximately 95 
per cent of synchronous 
speed. The torque the mo- 
tor produces at this speed is 
called the pull-in torque. 
To obtain high starting 
torque a high-resistance 
squirrel-cage winding is re- 
quired, for high pull-in 
torque the resistance of the 
squirrel-cage winding must 
be low. For both high st art- 
ing torque and high pull-in 
torque with low r starting cur- 

Fia. 148. — Pole punching for synchronous mo- l^t, a double squirt el-cage 
tor with double-squirrel-cage starting winding. winding' 3 as shown in Pig. 

148 is often used. The per- 
formance of a self-starting synchronous motor during the starting pe- 
riod can be calculated by the same methods used for the squirrel-cage 
induction motor. The method of calculating the reactances of the 
stator and rotor winding are given on pages 229 and 230. The resist- 
ance of the squirrel-cage winding in terms of the stator winding 



k v 2 k t rN 2 mr 


(lb ,0 CAD„\ _ 

W^ + -S77 ohms ' 


2 A.I.E.E. Trans., Vol. 47, April, 1928, Appendix F, p. 531. 

3 “ The Development of Low Starting Current Induction Motors,” by P L. Alger, 
General Electric Review, Vol. 28, July, 1925, p. 499; “ Starting Performance of Syn- 
chronous Motors,” by II. V. Putman, A.I.E.E. Trans., Vol. 40, 1927, p. 39; “ Starting 
Performance of Salient-Pole Synchronous Motors,” by T. M. Linville, A.I.E.E. 
Trans., Vol. 49, 1930, p. 531; “Pull-in Characteristics of Synchronous Motors,” by 
D. R. Shoults, S. B. Crary, and A. H. Lander, A.I.E.E. Trans., Vol. 54, 1935, p. 1385; 
“ Starting Performance of Salient-Pole Synchronous Motors,” by M. Liwschitz, 
A.I.E.E. Trans., Vol. 59, 1940, p. 913. 
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The equivalent circuits used to calculate the torques developed 
during the starting period are shown in Fig. 147a, 6, and c. The method 
of calculating the torque at starling and at various values of slip includ- 
ing 5 per cent slip is shown in the example motor design. 

Armature Reaction. — The current flowing in the armature winding 
produces an alternating-current held, which passes through the mag- 
netic circuit. The action of this armature held upon the magnetic 
circuit is called armature reaction. 

When the armature current is 90° out of phase with the induced 
voltage, the maximum ampere-turns of armature reaction 4 


AT ft 


0 45 mNIkpkd 
V 


(156) 


The equivalent field ampere-turns per pole are found by multiplying 
AT« by the ratio of the fundamental of the flux wave produced by a 
sinusoidally distributed armature m.in.f., when its axis coincides with 
the pole center, to the fundamental of the flux wave produced by the 
field winding. R. W. Wieseman 5 has derived coefficients by flux plot- 
ting for the calculation of the fundamental sine wave of flux produced 
in a salient-pole machine by the field winding and by a sinusoidally dis- 
tributed armature m.m.f. The ratio of the fundamental of the air gap 
flux wave produced by a sinusoidally distributed armature m.m.f. to 
the fundamental of the flux wave produced by the concentrated field 
winding is called the armature reaction factor, K a . l)r. Arnold 6 gives 
the following formula by which the armature reaction factor can be 
calculated: 


K, 


t rfj + sin ivfd 


(157) 


The air gap flux distribution factor, f (i , is found from the flux plot as 
explained in Chapter X. 

The equivalent field ampere-turns per pole of armature reaction for 

4 For a discussion of this equation, see “Alternating Current Machines,” Chapter 

VII, by A. F. Puchstein and T. C. Lloyd, 2nd ed., John Wiley & Sons, New York. 

6 “ Graphical Determination of Magnetic Fields,” A.I.E 10. Journal, Vol. 46, 
1927, pp. 141-148. 

6 “ Die WVc heist romtochnick,” Vol. 4, p. 31, Julius Springer, Berlin. See also 
“ Principles ot Alternating Current Machinery,” by R. R. Lawrence, Vol. 2, 2nd ed., 
p. 107, McGraw-Hill Book Co., New York; “ 101 ec trie Machinery,” by Liwschitz- 
Garik and Wipple, Vol. 2, pp. 316-322, D. Van Nostrand Co., New York. 
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salient-pole synchronous machines 


AT a/ = 


0 45K„mNIk p k d 
V 


( 158 ) 


Synchronous Reactance. — The magnetizing reactance of a cylindri- 
cal rotor machine with uniform air gap, such as an induction motor, and 
with polyphase winding is equal to 


X» = 


6 3Sfl 0 mN 2 k p 2 k d 2 D 

p 2 8k X 10 8 


ohms per phase, 


where l g is the length of the air gap section. To obtain the armature 
reaction reactance in the direct and quadrature axis for salient-pole 
machines, this expression must be multiplied by a flux distribution 
coefficient, A d \ for the direct axis and A q \ for the quadrature axis. 
Adi is the ratio of the maximum value of the fundamental to the maxi- 
mum value of the air gap flux wave when a salient-pole synchronous 
machine is excited only by a sine-wave armature m.m.f. in the direct 
axis. Similarly, A q i is the ratio of the maximum value of the funda- 
mental to the maximum value of the air gap flux wave w hen a salient- 
pole synchronous machine is excited only by a sine-wave armature 
m.m.f. in the quadrature axis. 

A d i = K (1 X A i, 


where A i is the ratio of the maximum value of the fundamental to the 
maximum value of the air gap flux wave when the field is excited only, 
and K a is as defined on page 233. 

These flux coefficients can be found accurately by flux plotting, as 
shown by Mr. It. W. Wieseman 5 in his A.l.E.K paper referred to above. 
For the pole shoe form generally used for standard machines, K a can be 
calculated with satisfactory accuracy by equation 157. A i is found 
from the analysis of the air gap flux distribution curve as explained on 
page 184. The quadrature axis coefficient can be calculated for machines 
with normal pole shoe design by the equation given by Mr. Kilgore. 7 

4^+1 sin \l/w 


The direct-axis armature reaction reactance in the per unit system 

X ad ~ X m Adlj 


7 “ Calculation of Synchronous Machine Constants,” by L. A. Kilgore, A.I.E.E. 
Trans., Vol. 50, Dec., 1931, p. 1201. 
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and the quadrature-axis armature reaction reactance in the per unit 
system 

X a q X m A q\. 

hi 


The unsaturated synchronous reactance in the direct and quadrature 
axis in the per unit system 

Xd = Xl + Xad y 
X q = Xx + Xo*. 

Xi is the armature leakage reactance in the per unit system. 

To calculate the operating characteristics of power systems 8 under 
both steady and transient state, the transient reactances, negative- 
sequence and zero-sequence reactance, and the time constants of the 
generator must be known. In his A.I.E.E. paper referred to above, 7 
Mr. Kilgore gives a method of calculating these constants. 

Short-Circuit Characteristic. — The direct-axis synchronous im- 
pedance curve shows the relation between the field ampere-turns or field 
current and the armature current when the generator is driven at normal 
speed with the armature terminals short-circuited. For the short- 
circuit condition, the armature current is practically 90° out of phase 
with the voltage, and the armature m.m.f. has a demagnetizing action 
upon the field. The voltage induced in the armature when short- 
circuited is equal to the impedance voltage, IZ a . The field ampere- 
turns required to generate this voltage w r ith the short-circuited armature 
are found from the open-circuit saturation curve, OB, Fig. 149. The 
armature, when short-circuited, has a demagnetizing action upon the 
field, and BC , Fig. 149, is equal to the equivalent field ampere-turns 
per pole of armature reaction. If CD equals the armature current, 7, 
then D is one point on the direct-axis synchronous impedance curve, 
which is a straight line for normal values of load current. OC equals 
the field ampere-turns per pole required to circulate the current, 7, 
in the short-circuited armature winding. 

In Fig. 119, OF equals the field ampere-turns required to generate 
normal terminal voltage at no-load. The ratio of OF to OC is called the 
short-circuit ratio. This ratio is an important factor in the design of 
synchronous machines; it may be called the ratio of the field strength 
to the armature strength. A low short-circuit ratio means a small air 
gap, poor regulation, a small amount of field copper, and, in general, an 

8 “ First Report of Power System Stability,” Elec. Eng., Feb., 1937, p. 261; 
“ Calculation of Short-Circuit Currents in A-C Networks,” by W. M. Hanna, G. E. 
Review, March, April, June, and August, 1937. 
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inexpensive field winding. On the other hand, a large short-circuit ratio 
means a large air gap , good regulation, a large amount of field copper , 
and a more expensive held winding. A generator with low short-circuit 
ratio will require a large change in field excitation for small load changes. 

In general the short-circuit ratio of synchronous generators is from 
0.8 to 1.20. 

The pull-out torque of a synchronous motor varies directly with its 
short-circuit ratio. A unity power factor synchronous motor will have 



a pull-out torque of 1.43 times the full-load torque if the short-circuit 
ratio is 1.0, and 1.02 times the full-load torque if the short-circuit ratio 
is 1.20. A 0.80 leading power factor synchronous motor will have a per 
unit pull-out torque of 2.23 for a short-circuit ratio of 0.8, and a per 
unit pull-out torque of 2.71 for a short-circuit ratio of 1.20. With a 
high short-circuit ratio the motor will have a small displacement angle 
and a high synchronizing power. For 0.80 leading power factor syn- 
chronous motors the short-circuit ratio is usually 0.80 to 1.0, and for 
unity power factor synchronous motors from 1.0 to 1.2. 

The short-circuit ratio can also be used to calculate the direct-axis 
synchronous reactance and armature reaction reactance. If the ratio 
of OG to OC in Fig. 149 is used to determine the short-circuit ratio 
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instead of OF to 0C } the unsaturated value of short-circuit ratio is 
obtained From Fig. 149 it is obvious that the per unit unsaturated 
direct-axis synchronous reactance 0 



scr 


where scr is the unsaturated value of short-circuit ratio. The armature 
reaction reactance or magnetizing reactance in the direct axis 

A' « — - A, = Ad - Xu 
scr 


Displacement Angle. — The A.S.A. Standards 9 define displace- 
ment angle as the lag or lead in electrical radians of the rotor, with 
respect to the line voltage. 



Fin. 150. 


In the vector diagram, Fig. 150, the angle 8 ( is the rotor displacement 
angle in electrical degrees. It is the angle between the terminal voltage 
and the nominally induced voltage, E (l . In general the armature 
resistance is so small in synchronous machines that it can be neglected 
with negligible error. In Fig. 150 the armature resistance drop is 
omitted. 

The nominally induced voltage from Fig. 150 in the per unit system 
Ed == cos 8, -f- A ,i sin (0 -j- 5 0 ). 


8 A.S.A. Standards C50, 1943. 
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The displacement angle in electrical degrees, using the per unit 
system, 

. , X„ cos 6 

be = Sin" 1 - ■ ; ■ * 

y / 1 -|- Xq^ -|“ 2 Xq sin 8 


Since one electrical radian equals 57.3 electrical degrees, the displace- 
ment angle can easily be expressed in radians. 

Synchronizing Power. — The A.S.A. Standards define synchroniz- 
ing power as follows: “ Synchronizing power is the power at synchro- 
nous speed corresponding to the synchronizing torque tending to restore 
the rotor to the no-load position. P r is the rate of change of the steady 
state synchronizing power with respect to the displacement angle at 
normal voltage and rated load, power factor and frequency. It is 
expressed in kw. at synchronous speed corresponding to the torque 
exerted on the rotor per radian displacement.” 

The synchronizing power P r must be known to calculate the natural 
frequency of synchronous machines direct-connected to reciprocating 
machinery, to determine the proper flywheel 10 for generators, and to 
calculate the flywheel required for synchronous motors 11 direct- 
connected to compressors. 

The relation between power and displacement angle has been 
derived by Doherty and Nickle. 12 In the per unit system, 


P = 


Ea 

X d 


sin 8 e + 


(X d - X q ) 
2X d X q 


sin 25 «, 


armature resistance has only a very small effect on the power-angle 
characteristic and has been neglected. Core loss and friction and 
windage losses are also omitted. These are practically constant and 
may be included by making a correction in the final result. 

10 “ Design of Flywheels for Reciprocating Machinery Connected to Synchronous 
Generators and Motors,” by R. E. Doherty and R. F. Franklin, A.S.M.E. Trans., 
Vol. 42, 1920; “ Flywheels for A-C Generating Units,” Elec. Eng., Sept., 1937, p. 1 150. 

11 A.S.A. Standards C50, 1913; “The Flywheel Problem in Compressors Direct 
Connected to Synchronous Motors,” by A. R. Stevenson, Jr., Refrigerating En- 
gineering, Vol. 11, 1924, p. 123; “Flywheel Requirements for Unbalanced Air and 
Ammonia Compressors,” by C. W. Cutler, Refrigerating Engineering, Vol. 12, 1925, 
p. 75; “ Calculation of Flywheels for Air Compressors,” by II. R. Goss and II. V. 
Putman, A.S.M.E. Trans., 1929. 

12 “ Synchronous Machines, Part 2, Steady State Power Angle Characteristics,” 
A.I.E.E. Trans., Vol. 45, p. 927, and Part 3, “ Torque Angle Characteristics under 
Transient Conditions,” A.I.E.E. Trans., Vol. 46, p. 1; see, also, “Synchronizing 
Power in Synchronous Machines under Steady and Transient Conditions,” by 
H. V. Putman, A.I.E.E. Trans., Vol. 45, 1926, p. 1116. 
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For the steady-state condition, when the load on the machine 
changes very slowly, the synchronizing power, or rate of change of 
power with displacement angle, is determined by the slope of the 
tangent to the power-displacement-angle curve at the angle corre- 
sponding to rated load. Steady-state synchronizing power is, therefore, 
the derivative of the power-angle equation with respect to 5 e . For the 
transient condition, when the load fluctuates, as in a generator driven 
by a reciprocating prime mover or a motor driving a compressor, the 
synchronizing power is no longer determined by the slope of the tangent 
to the power-displacement-angle curve but by the slope of some other 
line passing through the rated load point with greater slope. When 
the load is suddenly increased on a motor or generator there is a sudden 
increase in armature reaction which tends to reduce and distort the 
field flux. The field flux can not decrease immediately, however, and 
for the first instant the effect of armature reaction on the field is prac- 
tically offset by a momentary increase in field current, produced by an 
induced voltage due to the changing flux. This gives rise to a greater 
ratio of field strength to armature strength with a resultant increase in 
synchronizing power. The rate of load fluctuation, therefore, plays 
an important part in tin* calculation of synchronizing power under 
transient state. An approximate method, which has been used in 
practice for some time with satisfactory results, is to divide the full- 
load rotor output in kilowatts by the displacement angle for rated load. 
This corresponds to the slope of a line* through zero and the full-load 
point on the power-displacement-angle curve and lies between the 
steady state and transient slope lines. 

By this method, synchronizing power for a motor 

57.3 X 0 . 74b X hp. 


57.3 X kw. 

~Te X eff. 

For unity power factor synchronous motors the displacement angle 
generally lies between 29° and 35°; for 80 per cent power factor syn- 
chronous motors, 5 r is generally equal to 17 to 22 electrical degrees. 

Excitation for Any Load and Power Factor. — The method used here 
to determine the excitation required for a given load and power factor 
is the one adopted by the A.I.E.E. and the A.S.A. In Fig. 151, ATP, 
are the field ampere-turns per pole for rated terminal voltage for an 
unsaturated magnetic circuit and are read from the air gap line at rated 


Pr = 

and for a generator 
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terminal voltage. ATP*, in Fig. 151, are the field ampere-turns per 
pole corresponding to rated armature current from the direct-axis 
synchronous impedance curve. The full-load ampere-turns per pole 
at a given power factor are found by adding these two quantities 
vectorialty as shown in Fig. 152. ATP ff is laid off on the horizontal 
and ATP* added at an angle corresponding to the power-factor angle 



Fig. 151 . 

of the load with the vertical. The resultant gives the load ampere-turns 
per pole for an unsaturated magnetic circuit. To this resultant the 
ampere-turns per pole required to compensate for magnetic saturation, 
ATPfs, must be added. ATPfs is determined for the internal voltage 
of the generator as shown in Fig. 151. For convenience a cosine scale 
is added to the horizontal and a sine scale to the vertical axis. A load 
power factor of 0.8 is assumed, and OA is the terminal voltage at 0.8 
power factor. The internal voltage of the generator, OC , is found by 
adding the armature resistance drop, AB, parallel to the horizontal 
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axis and the armature leakage reactance drop, BC , perpendicular to the 
horizontal axis. The ampere-turns per pole, ATP/?,?, are then the 
difference between the ampere-turns per pole for the internal voltage 
read from the open-circuit saturation curve and the ampere-turns per 
pole read from the air gap line. The ampere-turns per pole required 
for rated voltage at the generator terminals with inductive load at 
0.80 power factor are ATPso, Fig. 152. 

For an over-excited synchronous motor the construction is the same 
as shown in Figs. 151 and 152 except that the vector AB, the armature 
IR drop, Fig. 151, is laid off to the left. For an under-excited motor or 



generator the vector BC\ the armature leakage reactance drop, Fig. 152, 
points down instead of up, and the angle, Fig. 152, is laid off to the left 
of the vertical. 

The voltage regulation of synchronous generators is defined in the 
A.S.A. Standards as the rise in voltage, when rated load at a specified 
power factor is reduced to zero, expressed in per cent of rated voltage. 
The no-load terminal voltage corresponding to the full-load excitation, 
ATPso, Fig. 152, is found from the open-circuit saturation curve, 
Fig. 151. This value minus 1.0 is the per unit voltage regulation. 

Field Winding Design. — It is apparent from Figs. 151 and 152 that 
the field excitation required for a generator for a given load and voltage 
increases with decreasing lagging power factor. Modern synchronous 
generators are rated in leva, at 80 per cent lagging power factor. The 
field winding must therefore be designed for the excitation required for 
rated load at 80 per cent lagging power factor. The section area of the 
conductor for the field winding 


ATP/L f p X 0 82f> 

Sj = sq. m. 

f E f X 10° 1 


( 159 ) 
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The ampere-turns, ATP/, are the maximum ampere-turns required on 
the field winding. The standard exciter voltages are 125 volts for 
medium- and small-capacity machines and 250 volts for large-capacity 
machines. The field winding should be designed for a voltage Ef from 
15 to 20 per cent less than the exciter voltage to allow for the drop in 
voltage between generator field and exciter and to allow for variations 
in the reluctance of the magnetic circuit. 

The wire-wound field coil is generally used for machines with a 
small number of poles. Figure 153 is a sketch of a pole with wire-wound 



Fig. 153. Wire-wound field pole. Fig. 154.- Ribbon-copper 

wound field pole. 


field coil and shows how the coils are w T ound and insulated. The coils 
are generally wound in steps, because of the large clearance between 
adjacent poles at the pole shoe. The weighted mean-turn for the coil 
shown in Fig. 153 is calculated as follows: 

Ln = 2 h + 2(w p - 0.25) + ir(0.45 + 2di), 

L/2 = 21 1 + 2(w p - 0.25) + t(0.45 + 2 d 2 ), 

Li 3 = 2Ji + 2(w p - 0.25) + ir (0.45 + 2d 3 ), 

T _ Lfit/i + L/2I/2 + L/ 3 t r a . 

' Z in - ( 160 ) 
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For machines with large number of poles, the field coils are generally 
wound with bare strap copper wound on edge, with paper insulation, 
0.005 in. thick, between turns. The method of winding the coils is 
shown in Fig. 154. For very large-capacity machines with wide pole 
body, the coils are wound as shown in Fig. 155. The length of the mean- 
turn for the type of coil shown in Fig. 154 

L f = 2(Ii - 1.0) + t t(w p + 0.20 + d f ) in. (161) 

The number of turns per pole must be proportioned to give the 
required ampere-turns without an excessive temperature rise. The 
field current can be estimated by assuming the current density; then 

if = S/A f amperes. (162) 

For revolving-field-type synchronous machines, 

A / = 1500 to 2500 amperes per sq. in. 

For wire-wound field coils with a large number of turns of fine wire 
with deep windings, the lower values of A f apply. In general, A f may 



Fig. 155. ltibhon-roppcr field roil for 05,000-kva., 107-r.p.m., 28-polo generator 


be taken equal to 2000 amperes per sq. in. for the first approximation. 
The turns per pole 


• / 

U 

The correct value for the number of turns will depend upon the tem- 
perature rise, which, in turn, depends upon the losses and the cooling 
surface of the field coils. A high temperature rise indicates too small 
a number of turns and a high current density, whereas a low tempera- 
ture rise indicates too large a number of turns and an uneconomical 
use of field copper. 

An approximate check of the temperature rise of the field winding 
can be obtained from the cooling surface per watt loss. The total 
cooling surface for the field winding (see Figs. 153 and 154) 

S/ = 2 (df + hf)L f p sq. in., 


(163) 
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and the surface per watt loss 


H r / 


2 (df + hf)L/p 
i/ 2 Rf 


sq. in. per watt. 


( 164 ) 


For revolving-field synchronous generators with wire-wound field coils, 
the surface per watt should generally be larger than 1.0 for the maxi- 
mum condition of load for the field winding, full-load 80 per cent power 
factor. For bare strap-copper field coils, the surface per watt loss 
should generally be larger than 0.75. 

The resistance of the field winding at 75° C. 


The copper loss 


Ljt/p X 0 820 

R/ = 


ohms. 


W/ = ij 2 Rj watts. 


The exciter capacity 

W, = 


E , 2 


kilowatts. 


(105) 


If/ X 10 j 

The weight of copper in the field winding 
G / — Li ft j pt> / X 0.321 lb. 

Sample Design: Field Winding Design. — Tin ' data required for 
the calculation of the leakage reactance are as follows: 

/ = 00, il, =25 in., k, , = 0 975, 

1 = 17 5 in., <h = 0 20 in., Fi ~ 0 950, 

m — 3, = 0 120 in., 6— 0 400, 

N = 224, P = 0 857, k = 1 07. 

S = 330, 1) = 100 in., 

K, = 0 88, v = 32, 

Formula 148 must be used, because (he armature winding has a 
fractional number of slots per pole per phase. 

„ ( <h . d 2 \ .. uo / 2 5 0 25 \ 

\3w, wj \3 X 0 420 0 120/ 


0.3(3P - 1)D»S, _ 0 30(3 X 0 _857 - 1)100 x 330 
p 2 l ~ 32“ X 17 5 

0 . n3Dk } ~k,i 2 0.53 X 100 X 0 975- X 0 950- 


S,8lc, 


330 X 0.400 X 1 07 


»= 0.882 
= 0.315 


v 2 . OflniN 2 / 

Xl = 1() 7 ,S' (2 ' 26 + 0 882 + 0 315 ) 


2.0 X 60 X 17.5 X 3 X 224 2 
10 7 X 330 


(2.20 + 0.882 + 0.315) = 0.324 ohm. 
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The per cent reactance drop due to full-load current 
IXi X 100 0.324 X 000 X 100 


E 


1390 


= 14.0 per cent. 


The a-c. resistance of the armature winding is given on page 214. 
The per cent resistance drop due to full-load current 

///„ X 100 0.0312 X 100 X 000 


E 1390 

The per cent impedance drop 


= 1.35 per cent. 


IZ „ X 100 

E 


= V 14- + 1 .35-' =14.1 per cent. 


The synchronous reactances are calculated as explained on page 234. 
Trfti + sin 7r/,/ 

i ■ r T 

4 sin /,/ - 


A« = 


7 r X 0 (Hid + sin t X 180 


4 sin 0.0(H) 


180 


= 0.832. 

A i is equal to 1.008 from page 1S3. 

Ah\ = 0.832 X 1 .008 = 0.91. 

The per unit armature reaction reactance in the direct axis 
0 38/ m I u \ -k p-l: ,r I) 1 

ad .... r i * *■ r/l 

p-6k X 10 s E 

0 . 38 X00 X3 X 10 9 X221- X0 975- X0 950- X 100 000 


32 2 X 0.400 X 1 .07 X 10 s 

= 0.752. 

4^+1 sin ipir 

A q i = — _ — — 

«> 7T 

4 x 0 0875 + 1 sin 0.0875 X 180 


1390 


X 0.91 


t) 


TT 


= 0.483. 

The per unit armature reaction reactance in the quadrature axis 


v — v iLl 1 

aq - *■ ad . 

-1 (/I 


0 752 inf ■ °- 40 ' 
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The per unit unsaturated synchronous reactance m the direct axis 

Xd = X l + Xad 

= 0.14 + 0.752 - 0.892, 

and the per unit unsaturated synchronous reactance m the quadrature 
axis 

X q = X* + X* 

= 0.14 + 0.40 = 0.54. 

The vector diagram for this machine for 80 per cent power factor 
inductive load is shown in Fig. 150. 

The equivalent field ampere-turns per pole of armature reaction for 
full-load current 


Arn 0 45K a mNIk p kd 

A 1 a f — 

V 

_ 0 45 X 0 852 X 3 X 224 X 000 X 0 975 X 0 95G 

32 

= 4300 ampere-turns. 

The direct axis synchronous impedance is shown in Fig. 150 and is 
determined as explained on page 230. The short-circuit ratio 

ATP, 0521 
ATP, ~ 5340 ‘ ' 


The unsaturated value of short-circuit ratio is 1.12 from Fig. 150 
and per unit 


Per unit 


= IT2 = 0 893 - 


Xad = 0.893 - 0.14 = 0.753. 


The ampere-turns per pole required on the field winding for full- 
load at 80 per cent lagging power factor are found graphically as ex- 
plained on page 240. The construction for the sample design is shown 
in Figs. 152 and 156 for unity and 80 per cent lagging power factor. For 
unity power factor full-load, 

ATP ioo = 8620 ampere-turns, 
and for 80 per cent lagging power factor, 

ATPgo = 11,180 ampere-turns. 
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The per unit regulation at 80 per cent power factor (see Fig. 156) 
= 1.27 - 1.0 = 0 27, 
and at 100 per cent power factor 

= 1 . 165 - 1 0 = 0 165. 


The field current for any load and power factor can also be calculated 
by means of the two-reaction theory. From the vector diagram, 
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The induced voltage for no saturation, that is, straight-line saturation 
curve in per unit system, 

Ed = cos 5 e + Xd sin (0 + 8 t ) 

= 0.95 + 0 892 X 0.819 

= 1 68 . 

From Table XVII the air gap ampere-turns per pole for 100 per cent 
voltage are equal to 5980. For 168 per cent of normal voltage they \\ ill 
be 5980 X 1.68 = 10,060 ampere-turns. 

To this value must be added the difference between the air gap 
ampere-turns per pole and the ampere-turns per pole from the satura- 



tion curve corresponding to the voltage E h Fig. 150. From the satura- 
tion curve, Fig. 156, this value is equal to 1100 ampere-turns, and 

ATPso = 10,060 + 1100 

= 1 1 , 1 60 ampe re- 1 urns. 

For full-load at 100 per cent power factor this method gives 
ATPioo = 8550 ampere-turns. 

The length of the mean-turn for the field winding must first be 
estimated. The bare strap-eopper field winding, shown in Fig. 154, 
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will be used for this design. The length of the mean-turn for a copper 
strap 1.25 in. wide 

Ijf = 2{h — 1.0) 4“ t(w p -[■ 0.20 4~ d/) 

= 2(17 5 - 1.0) + 7r (4 . 0 4- 0.20 4- 1.25) 

= 50.1 in. 

The section-area of the conductor 

ATPho L f p X 0 820 


s f = 


E f X 10° 

11,180 X 50 1 X 32 X 0 820 


110X10° 

= 0. 135 sq. in. 

From the sketch, Fig. 157, the space available for the field winding 
hf = 5 75 in. 

A conductor 0.101) in. X 1.25 in., area 0.134 sq. in., is selected from 
the copper table. The insulation between turns consists of paper 0.005 
in. thick. If 0.005 in. is allowed for buckling of the conductor in the 
process of winding, then the total space occupied by one turn = 
0.005 4" 0.005 4- 0.109 =■ 0.1 19 in. The number of turns that can be 
wound on each pole 

" - 0 ”, - - 

The field current for full-load and 80 per cent lagging power factor 


f /so = 


ATPs<> 11,180 


it 


48 


233 amperes, 


and the current density 
233 


As = 


0 131 

The resistance at 75° C. 

L/t/p X 0 820 


= 1740 amperes per sq. in. 




s f X 10 ,! 

50.1 X 48 X 32 X 0 820 . 

0. 134 X 10“ = 0.4/4 ohm, 
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and the copper loss for a field current of 233 amperes 
W, = 233 2 X 0.474 = 25,700 watts. 

The radiating surface 

S/ = 2{dj + hf)L/p 

= 2(1.25 + 5.75)50.1 X 32 = 22,500 sq. in., 
and the surface per watt loss 

S, 22,500 n . 

W, ~ 2V00 “ °' 875 "*■ ln ' per wMt " 

The voltage drop in the field winding for the full-load 80 per cent 
lagging power factor field current 

E f = 233 X 0.474 = 111 volts. 

The maximum field current for 120 volts across the field winding, 
allowing 5 volts drop in exciter leads and brushes, is 

120 

max. = = 253 amperes. 

The exciter capacity 

Tir E , 2 125 2 

m — : — 

e R s X 10 3 0.474 X 10 3 

= 33 kilowatts. 

The weight of the field copper 
G/ = Lft/pSf X 0.321 

= 50.1 X 48 X 32 X 0.134 X 0.321 
= 3310 lb. 
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LOSSES, EFFICIENCY, AND TEMPERATURE RISE 

The losses in synchronous machines are : 

(1) Copper losses in armature and field winding. 

(2) Field rheostat losses. 

(3) Core losses. 

(4) Mechanical losses; bearing friction, and windage. 

(5) Stray load-losses. 

Armature Copper Losses. — The method of calculating the armature 
resistance is given on page 209. The armature copper loss 

W a = I 2 R a m watts. (166) 

The A.I.E.E. Standards specify that the copper losses are to be calcu- 
lated for a temperature of 75° C. for all loads; therefore, R a must be 
the armature resistance per phase at 75° C. The armature current 
varies directly with the load for a given power factor; therefore the 
copper loss will vary as the square of the load. 

Field Copper Losses. — The resistance of the field winding is calcu- 
lated as shown on page 244, and the field current for any load and power 
factor is determined as explained on page 240. The loss in the field 
winding at 75° C. 

W f = i' 2 Rf watts. (167) 

A field rheostat is generally connected in series with the field wind- 
ing of synchronous generators. Unity power factor synchronous 
motors are often operated without a field rheostat; the field winding 
of the motor is then designed to give the required field current when 
normal exciter voltage is applied. 

Core Losses. — The losses in the armature core consist of the 
hysteresis and eddy-current losses in the teeth and yoke and the 
additional losses. The additional losses consist of losses in the pole 
face and surface of the armature teeth due to the flux pulsations in 
the air gap produced by the armature slots, losses due to punching 
and bending strains in the laminations, losses due to imperfect insulation 
between laminations caused by burrs or slot filing, and losses in the 
end-frames due to stray fluxes. 
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The method of calculating core losses for direct-current generators 
and motors can also be used for synchronous machines. The curves in 
the Appendix give the loss per pound per cycle due to the fundamental 
frequency flux for various grades of sheet steel. These curves were 
obtained from tests of samples in accordance with the standards of the 
American Society for Testing Materials. 

The armature cores of small and medium size machines are generally 
built up of an open-hearth electric sheet steel with very little or no 
silicon and in thickness from 0.014 to 0.019 in. For machines with 
large armature cores, the core losses can be materially reduced by using 
a sheet steel alloyed with silicon. The following quotation from an 
A.I.E.E. paper 1 bears this out: 

To illustrate the reduction in core loss that results from the use of these higher 
grade steels, if the loss in non-silicon steel is represented by 100, the loss with 2 per- 
cent silicon steel will be 70, and 45 with 4 per cent silicon steel. The use of 4 per cent 
silicon steel improves the efficiency slightly moie than 1 per cent of full load, and 2J 
per cent at half load, as compared with the efficiency of machines using non-silicon 
steel. When this steel is used, the core loss is reduced fiom 50 per cent of the total 
loss to 30 per cent of the total loss. 

The additional losses may also include a no-load damper winding 
loss 2 if a squirrel-cage winding is present in the pole faces. This loss is 
produced by the stator slot harmonics and is large when the squirrel- 
cage has a much larger number of slots than the stator and neither 
stator nor rotor slots are skewed. The total core losses for synchronous 
machines are generally from 1.8 to 3.0 times the sum of the losses in 
the teeth and yoke due to the fundamental frequency flux. The 
multiplying factor should be determined from tests of machines of 
similar design. When such data are not available 2 to 2.5 may be used. 

Friction and Windage Losses.— The loss due to bearing friction can 
be calculated when the dimensions of the bearing, the peripheral speed 
of the shaft at the bearing, the load on the bearing, and the coefficient 
of friction are known. The windage losses are very difficult to calculate 
and depend largely upon the type of construction. The combined 
friction and windage loss is therefore generally taken from tests of 
machines of the same construction. When such data are not available, 
the friction and windage loss may be estimated with the help of the 
curves, Figs. 158 and 159. 

1 “ Recent Improvements in Turbine Generators,” by S. L. Henderson and C. R. 
Soderberg, A.I.E.E. Trans., Vol. 47, No. 2, p. 549. 

2 “ Calculation of No-Load Damper Winding Loss in Synchronous Machines,” 
by E. I. Pollard, A.I.E.E. Trans., Vol. 51, June, 1932, p. 477; “ Parasitic Losses in 
Synchronous-Machine Damper Windings,” by J. II. Walker, Journal of the Institu- 
tion of Electrical Engineers, Vol. 94, Part II, Feb., 1947, p. 13. 
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Bearing failures have been found to occur on large-capacity machines, 
caused by currents flowing between shaft and bearing. The designer 
of large-capacity generators and motors must take the proper pre- 
cautions to limit to a negligible value the current between shaft and 
bearing. Careful studies have been made to determine the origin and 
method of preventing shaft currents. The results of these investiga- 
tions have been published in various technical journals. 3 

Stray Load-Losses.- The Standards of the A.S.A. define the stray 
load-losses as follows: “ These include iron losses and eddy-current 
losses in the copper, due to fluxes varying with the load and also satu- 
ration/ ’ 

For large machines, the eddy-current losses in the copper are large 
because of the large conductor sections and deep slots. For these 
reasons, most large-capacity machines are now being built with trans- 
posed 1 conductors in the armature coils. Large conductor sections 
must therefore be avoided in armature windings and the conductors 
built up of a number of small wires in parallel. 

It is difficult to calculate the stray load-losses accurately; they 
must therefore be assumed based on test values from machines of similar 
design. From the short-circuit test specified in the A.S.A. Standards, 
the effective alternating-current armature resistance can be found by 
dividing the total loss on short circuit, after deducting the friction and 
windage loss, by the current squared. If this resistance is used to 
calculate the armature copper loss, the result will be T 2 R plus stray 
load-losses. I)r. Arnold *’ states that the effective alternating-current 
resistance is generally from 1.5 to 2.5 times the resistance measured 
by direct current in single-phase machines and 1.3 to 2.0 in polyphase 
machines. 

Efficiency. — The efficiency of a motor or generator is the ratio of the 
output to the output plus all the losses. It is generally expressed as a 
percentage' as follows: 

Ivva output X PF X 100 

e ' = (Kva output X PF) + W, + IF/ + ir„ ; + W,„ + W c *** ° ent ' 

For engine-type generators and motors to be direct-connected to 
steam or internal-combustion engines, or air or ammonia compressors, 
the electrical manufacturer does not furnish the bearings, and the 

3 See footnote, page 162. 

4 “ Reduction of Armature Copper Losses,” by J. H. Summers, A.I.E.E. Journal, 
Vol. 46, May, 1927, p. 451; “Transposed Armature Coils in Alternating Current 
Generators,” by S. L. Henderson, Electric Journal, Vol. 23, July, 1926, p. 348. 

6 “ Die Wechselstromtechnik,” Vol. 4, p. 54, Julius Springer, Berlin. 
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Fig. 160. — Approximate full-load efficiencies and exciter capacities tor 60-cycle, 
unity power factor, .synchionous motors. 
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Fig. 161. — Approximate full-load efficiencies foi engine-type synchronous motors — 
60 cycles, unity power factor. 
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Fig. 163. — Approximate exciter capacities for 60-cycle, 80 per cent power factor, 

salient -pole* generntois. 
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friction and windage losses are not included when calculating the 
efficiency. 

When specifying the efficiency of electric machines, it is important 
to specify by what method the efficiency is to be determined, because 
marked variations 6 in efficiency are obtained by various methods. 

The curves in Fig. 100 show the approximate full-load efficiency 
and exciter capacity for high-speed, unity power factor, synchronous 
motors, for voltages including 2200 volts. The approximate full-load 
efficiencies for unity power factor, 50°-rated, engine-type synchronous 
motors are shown in Fig. 161. The approximate efficiency of standard, 
50°-rated, synchronous generators is shown in Fig. 162 for full-load at 
100 per cent power factor. The exciter capacities required are shown 
in Fig. 163. 

Temperature Rise. — The losses in the armature copper and core 
and in the field winding are converted into heat, which increases the 
temperature of the machine above that of the surrounding air. The 
value of the final temperature depends upon the heat capacity of the 
various insulating materials used and upon the rate at which heat is 
conducted through the material to the cooling medium. The final 
temperature is reached when the rate at which heat is generated becomes 
equal to the rate at which the heat is dissipated. Tests on various 
kinds of insulating materials have shown that for each material there is 
a safe continuous operating temperature which can not be exceeded 
without impairing the life of the material. The maximum continuous 
operating temperatures specified by the American Standards Association 
for synchronous machines are given in Tables XVIII and XIX. 

The temperature rise of each of the various parts of steam turbine 
generators, above the temperature of the cooling medium, shall not 
exceed the values given in Table XVIII and for salient -pole motors and 
generators, the values given in Table XIX. The temperatures should 
be determined by the methods specified in the tables. 

The various kinds of insulating materials included in the different 
classes referred to in the tables are given on page 127, Chapter VII. 

The output that can be obtained from a given frame may or may not 
be limited by the safe operating temperature. For salient-pole syn- 
chronous machines of the revolving-field type, satisfactory ventilation 
of the armature winding can generally be obtained; and operating 
characteristics, efficiency, regulation, etc*., may be the limiting factors 
rather than temperature. The designer must, however, make ample 

8 “ A Comparison of the Efficiency of Synchronous Machines as Determined by 
Various Methods,” by P. L. Alger, General Electric Review, Vol. 29, Nov., 1926, 
pp. 765-774. 
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TABLE XVIII * 

Limiting Temperature Rises for Steam-TurbineI- 
Driven Alternators 


Item 

I description of Part 

Method of 
Temperature 
Deter mi- 

Limiting 

Temperature Rise 
in Degrees Centigrade 



nation 

Required 

Class A 
Insulation 

Class B 
Insulation 

1 

Insulated armature windings on sta- 
tors of machines of 500 kva and 

Thermometer 

50 

70 


below. 

Resistance 

60 

80 

2 

Insulated armature windings with 2 
coil sides per slot on stators of 
machines above 500 kva. 

Embedded 

detector 

60 

80 

3 

Insulated field windings. 

Resistance 


90 

4 

Collector rings. (The class of insula- 
tion refers to insulation affected by 
the heat from the collector rings, 
which insulation is employed in 
the construction of the collector 
rings or is adjacent thereto.) 

Thermometer 

65 

85 

5 

Cores and mechanical parts in con- 
tact with or adjacent to insulation. 

Thermometer 

50 

70 


6 Miscellaneous parts (such as brushholders, brushes, pole tips, etc.), other 
than those whose temperatures affect the temperature of the insulating 
material, may attain such temperatures as will not be injurious. 


* A.K.A. Standards CV>0, 1943. 

provisions for ventilation in large-capacity machines to avoid local hot 
spots. The radiating surfaces are usually quite large for slow-speed 
machines, and the problems of temperature control are generally less 
difficult than for high-speed machines. The field windings 7 of high- 
speed machines are particularly difficult to ventilate properly. 

7 “ Recent Improvements in Turbine Generators,” by S. L. Henderson and C. R. 
Soderbcrg, A.I.E.E. Trans., Vol. 47, No. 2, p. 549; “The Multiple Path Radial 
Ventilation of Large Turbo-Alternators,” by M. I). Ross, Electric Journal, Vol. 21, 
Dec., 1924, p. 540; “ Temperatures in Large Alternating Generators,” by W. J. 
Foster, General Electric Review, Vol. 23, July, 1920, p. 560; General Electric Review, 
Vol. 23, Feb., 1920, pp. 99-108 and 147- 152. See also references, page 128. 
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TABLE XIX * 

Limiting Temperature Rises for Synchronous Machines Other 
than Steam-Turbine-Driven Alternators 




Method of 

Limiting 

Temperature Rise 

Item 

Description of Part 

Temperature 

Determi- 

in Degrees Centigrade 


nation 

Required 

Class A 
Insulation 

("lass B 
Insulation 

1 

Insulated armature windings with 2 

Thermomet er 

50 

70 


coil sides per slot on stators of 
machines of 1500 kva and below. 

Resistance 

00 

80 

2 

Insulated armature windings with 2 

Embedded 

60 

80 


coil sides per slot on stators ol 
machines above 1500 kva. 

detector 



3 

Insulated field windings. 

Resistance 

60 

80 

t 

Collector rings. (The 1 class of insula- 

Thermometer 

65 

85 


tion refers to insulation affected by 
the heat from the collector rings, 
which insulation is employed in 
the construction of the collector 
rings or is adjacent thereto.) 




5 

Cores and mechanical parts in con- 

Thermometer 

50 

70 


tact with or adjacent to Class A or 

B insulation. 




6 

Amortisseur windings may attain 





such tempeiatuie as will not occa- 
sion mechanical injury to the ma- 
chine. 





7 Miscellaneous parts (such as brush holders, brushes, pole tips, etc.) other 
than those whose temperatures affect the temperature of the insulating 
material may attain such temperatures as will not be injurious. 


* A.S.A. Standards C T>(), l»4d. 

The radiating surface of the armature core may be taken equal to 
the perimeter of the core section, plus one surface for each duct (see 
Fig. 164), 

Sa = | (Do 2 - D 2 ) (2 + n d ) + rl(D + Do). 


(168) 
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The losses that must be dissipated by this surface are the core loss and 
the armature copper loss for that part of the armature .coil embedded 
in the slots. 

The radiating surface per watt loss 


Sa 

w 


- (A> 2 - D 2 ) (2 + n d ) + wl(Do + D) 
W c + W a j- 


(169) 


For a temperature rise not to exceed 50° C., the radiating surface per 
watt for the armature should generally be greater than 0.70. 



Fig. 164. — Section of armature core showing radiating surfaces. 


The method of calculating the radiating surface for the field winding 
and the safe values for the surface per watt loss have been given on 
page 244. 

Sample Design: Losses , Efficiency , and Temperature Rise . — The 
armature resistance is given on page 214. The copper loss at full-load 

W a = PR a m = 600 2 X 0.024 X 3 

= 25,900 watts. 

The field ampere-turns per pole for full-load and unity power factor, 
ATPioo = 8620, and the field current (see Fig. 156), 

8620 _ 

%s — = 180 amperes. 

The field copper loss plus rheostat loss for full-load at unity power factor 
Wf = 180 2 X 0.474 = 15,350. 
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The average armature tooth width 

HD + d.) 7 r (100 + 2.83) _ 

”“'—5 »■- — 55 °' 426 

= 0 . 534 in. 

The weight of the armature teeth 

Get — w la (l — n d w d )kiSd t X 0.278 

= 0.534(17.5 - 5 X 1)0.93 X 336 X 2.83 X 0.278 
= 1970 lb. 

The weight of the armature yoke 

Gey = [Do 2 - (D + 2 d,) 2 ](l - njwAk 1 X 0.278 
4 

= 7 [112 2 - (100 + 2 X 2 83) 2 ](17.5 - 5 X £)0.93 X 0.278 
4 

= 4200 lb. 

From the iron loss curve in the Appendix for 20 gauge dynamograde 
silicon steel, the loss per pound for the tooth density, — 95 kilo- 
lines per sq. in., is equal to 2 watts. The loss in the armature teeth 
due to the fundamental frequency flux 

Wet = 2 X 1970 = 3940 watts. 

The loss per pound for the yoke density, B ya = 55 kilo-lines per sq. in., 
equals 0.7 watt, and the loss in the yoke due to the fundamental fre- 
quency flux 

W cy = 0.7 X 4200 = 2980 watts. 

The total core loss 

W c = (3940 + 2980)2.0 = 13,840 watts. 

The friction and windage losses are taken equal to 15,000 watts, from 
the curves, Fig. 158, for vertical waterwheel generators with open 
end-brackets. 

The stray load-losses are estimated at 30 per cent of the armature 
I 2 R losses. The efficiencies and losses for unity power factor for various 
loads are given in Table XX. 
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TABLE XX 

Losses and Efficiencies 



Load 

i 

T 

f 

t 

4 

T 

5 

T 

Armature I 2 R 

1.62 

6.48 

14.55 

25.90 

40.50 

Stray load 

1.95 

3.90 

5.85 

7.80 

9.75 

Field I 2 R 

12.60 

13.45 

14.35 

15.35 

16.20 

Core losses 

13.84 

13.84 

13.84 

13.84 

13.84 

Friction and windage losses. . . 

15.00 

15.00 

15.00 

15.00 

15.00 

Total losses 

45.91 

52.67 

63.59 

77.89 

95.29 

Output 

625.00 

1250.00 

1875 00 

2500.00 

3125.00 

Output -f losses 

670.91 

1302.67 

1938.59 

2577.89 

3220.29 

Efficiency, per cent 

93.00 

95.80 

96.75 

97.00 

97.10 


The radiating surface of the armature 

Sa = 7 (Do 2 - D ' 2 )( 2 + n , ) + *1(0 + Do) 

4 

= - (112 2 - 100 2 ) (2 + 5) + xl7. 5(100 + 112) 

4 

= 25,650 sq. in. 

The radiating surface per watt loss for full-load 
S a 25,650 

w = T7^ = °- 82 - 

13,840 + 33,700 X — 

The radiating surface and surface per watt loss for the field winding 
are given on page 250. 

The synchronizing power for full-load and 80 per cent power factor 

57 . 3 X kw. 
r ” B e X eff. 

57.3 X 2000 
18.05 X 0.958 

= 6640 kilowatts. 

The efficiency is for full-load at 80 per cent power factor. 
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LOSSES, EFFICIENCY, AND TEMPERATURE RISE 


SYNCHRONOUS MACHINE DESIGN SHEET 

GtNtBATOR-MOTOR 

Hp. . . . Kva 2500 Volts 2400 Phase 3 Amperes 600 Cycles 60 Poles 32 
Rpm 225 Kva /rpm 111 Output constant 1 58 X 10 4 


Armature 


ITeld 


Sheet steel 0 019 Dynamo grade 

Outside diameter 

112 0 

Gap diameter 

100 0 

Total length 

17 5 

Duets number and size 

5 \ 

Gross length 

15 0 

Effective length 

14 0 

Slots per pole per phase 

3* 

Total number of slots 

336 

Type of winding 

2 layer star 

Circuits per phase 

2 

Coil throw 

Slots 1 and 10 

Per cent pitch 

85 7 

Conductors 


Per slot 

4 

Dimensions 

0 149 X 0 276-4 

Area 

4 X 0 0325 

In senes per phase 

224 

Total 

1326 

Current density 

2310 

Length one half mean turn 

33 78 

Resistance per phase 25° ( 

0 0202 

Resistance per phase 7 5° C 

0 024 

Resistance drop volts 

18 7 

Resistance drop pc r cent 

1 35 

Reactance drop volts 

195 

Reactance drop pc r t cut 

14 

lmpc danc e drop \ olts 

196 

Impedance drop per c c nt 

14 1 

Armature reaction A I perp le 

5280 

Armature reaction factoi 

0 852 

Armature reaction cq fld AT 

4500 

Square inches per watt 

0 82 

Ampere conductors pci inch 

1 200 

Short circuit ratio 

1 22 

D 2 ln 


Kva 

1 58 X 10< 

ATPioo 

8620 

ATPro 

11 180 

Regulation 80% PB 

27 0 o 

Regulation 100% PI 

16 5% 


Total air gap length 

Rotor diamc te r 

Peripheral speed 

Pole pitch 

Poh arc 

Material spider 

Damper bars pc r pole 

Size of bar 

Matt rial of bar 

Section end ring 

Material end ring 

Air gap coefficient 

P ffectivc length of gap 

Leakage constant 

fd 0 666 fb 1 14 ki 0 956 Ci 


2X0 406 
90 188 
5840 
9 82 
6 75 

Hot rolled steel 


1 07 
0 435 
1 35 

0 725 k P 0 975 


Total flux 234 000 K L P lux per pole 4870 K L 



Sic 

tion 

Den 

sity 

Length 

Amp 

lurns 

Air gap 

5310 

44 1 

1 07 X0 406 

5980 

Teeth 

2470 

95 

2 83 

142 

Armature yoke 

88 5 

55 

5 34 

19 

Poles 

70 

93 6 

7 00 

315 

I a Id yoke 

101 

6 > 0 

4 05 

65 

Total ampere 





turns per 
pole 




0521 


Size of condut tor 
Turns per pole 
Amperes no load 
Lc ngtli of me in turn 
Resistant e 25° C 
Rtsistanie 75° C 
7 A no load 
I*R no load 


136 


53 8 


0 109 X 1 25 
48 

Maximum 253 
50 1 
0 398 
0 474 
Maximum 120 


Stpiurt int h per watt maximum 1 
Kva 


7360 Maximum 30 400 


0 74 
2500 



Power f u tor 

80% 

Ampc re s 

233 0 

JR 75° C 

1100 

l l R 75° G 

25 700 

b piarc inch per watt 

0 875 

Exciter voltage 

125 0 

Lxciter capacity 

33 0 

I ull Load Losses 

100 / r PB 

Inction and windage 

15 000 

C ore 

13 840 

fctray load 

7 800 

Armature coppc r 

25 900 

1 leld coppc r 

15 350 

lotil lossc s 

77 890 

lly wheel effect WR 2 

159 800 lb-ft 2 

Weights 

Armature copper 

1890 

I ic Id copper 

3310 0 

Armature teeth 

1970 

Armature yoke 

4260 0 

I it Id poles 

4300 0 


Remarks Vertical Water wheel Type t p^Qp? = °18 05 Pr f 1 - 0 80 p f = 6640 kw 
Pj - 1985 lbs Pd = 5870 lbs 


Designed by J H Kuhlmann 


Date 





CHAPTER XV 


SAMPLE DESIGN OF SYNCHRONOUS MOTOR 


To design a synchronous motor for leading power factor calculate 
the kva input and proceed as for a generator. The input 


Kva = 


hp X 0 74G 
eff. X~PF ' 


Design of 200-Hp Synchronous Motor.— The motor to be designed 
is to have the following rating: 200 hp, 440 volts, 3-phase, 60 cycles, 
900 r.p.m. It is to be a self-starting synchronous motor for direct 
connection to a centrifugal pump and is to operate at 100 per cent 
power factor at full-load without field rheostat. The temperature rise 
for continuous full-load operation must not exceed 50° C., and the full- 
load efficiency must not be less than 93.3 per cent. 

The output 


Kva = 


hp X 0 740 
PF 


200 X 0.746 
1.00 


149. 


The number of poles 

/ X 2 X 60 

p = 

n 

= 8 . 


60 X 2 X 60 
900 


Kva 149 
~n~ = 900 


0.166. 


The output constant from Fig. 105, 
C = 2.75 X 10 4 . 

For l/ T = 1.0, 


D = J livapC = J 149 X 8 X 2.71 
"V vI/tII \ 7T X 1 X 9i 


rl/rtl 

= 22.6 in. 


75 X 10 4 
900 


_ KvaC _ 149 X 2.75 X 10 4 
DH ~ 22.6 X 900 

= 8.93 in. 

265 
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For other values of l/r the dimensions are: 


1/t 

D 

l 

T 

1.0 

22 G 

8 93 

8 87 

0.9 

23.5 

8.25 

9.21 

0.8 

24 4 

7 05 

9 5G 

0.7 

25.5 

7.00 

10.00 


The following dimensions are selected: 

D = 25.0 in., I = 7.0 in. 


The pole pitch 



3.14 X 25 
8 


= 9.81 in. 


For 70 per cent pole embrace the pole arc 

B = 0.70 X 9.81 = 6.875 in. 


The method of shaping the pole shoe suggested by R. W. Wieseman 1 
will be used. 

From the curves Fig. 107, the minimum air gap length should be 

8 = 0 188 in. 


8 m 8 B 

— = 1.75, - = 0 0192, = 0.70. 

S' 7 7 


The shape of the pole shoe is shown in Fig. 105, and the air gap flux 
distribution curve is shown in Fig. 100. The calculations for the funda- 
mental, third, fifth, and seventh harmonic are given in Table XXI. 


B\ 


598 00 
0 


99 3. 


Bs 


-25 01 
0 


— 1.77. 


B 5 


-31.1 0 

0 


-3.40. 


B 7 


-10 15 
0 


-3.71. 


The average ordinate for the flux wave 

B a = 2 ( 99.3 X 1.77 - l X 3.46 - \ X3.71) 

7 r 

= 62, 


1 See reference, page 185. 
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SAMPLE DESIGN OF SYNCHRONOUS MOTOR 


TABLE XXI 


Be 

sinx 

sin 3x 

sin 5x 

sin 7x 

B x X 
sin x 

Be X 
sin 3x 

Be X 
sin 5x 

Be X 
sin 7x 

B x ii 

= 

6.0 

0.130 



0.793 


2.30 

3.65 

4.76 

B x 10 

= 

14.5 

0 259 

0.707 

0.966 

0.966 

3.76 


mm 


Bx 9 

= 

32.2 

0.383 

■mV*! 

0.924 

0.383 

12 33 

29.70 

KH 

12.33 

B , , 

= 

52.5 

0 500 




26.25 

52.50 

26.25 

-26.25 

Bx 7 

= 

62.5 

0.609 


-0 130 

-0.991 


57 70 

- 8 12 


Bxt 

= 

71.0 

0.707 

0.707 



50.20 

50 20 


HIllli] 

Brb 


79.5 

0.793 

0.383 

-0.991 

0.130 


30 45 


10.34 

B xt 

= 

86.2 

0.866 

0.000 

-0.866 

0.866 

74 70 

00 00 


BE9 

B x 3 

= 

92.0 

0.924 

-0.383 


0.924 


-35 20 

-35 20 

■Sift 

B X 2 

= 

96.0 

0.966 

-0.707 

m 

0.259 

92 80 

-67.90 

24 85 

24.85 

B x i 

= 

98.2 

0.991 




97.40 



-59.80 

Bx 0 

= 

100.0 

0.500 



-0.500 












595.32 

-10.60 

-20 77 

-22.27 


and the root-mean-square ordinate 

Be = V l (99 . 3 2 + 1.77 2 + 3 . 46 2 + 3.71 2 ) 
= 70.7. 


The flux distribution factor 


u 


Be 62 

B m ~ 100 


0.62. 


The form factor 



70.7 

02 


1.14. 


The air gap density is assumed equal to 43,000 lines per sq. in. 
<t>, = irDlB„ = ir X 25 X 7.0 X 43,000 
= 23,600 kilo-lines. 

The winding constant 


C w = f<tf b k d = 0.62 X 1.14 X 0.956 
= 0.676. 
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The number of conductors in series per phase are, for a star-con- 
nected winding with pitch coils, 

_ E X 60 X 10 8 254 X 60 X 10 8 

n<t> t k p C w ~ 900 X 23,600 X 10 3 X 1 .0 X 0.676 

= 106. 


For one circuit per phase, the total number of conductors = 106 X 3 = 
318. The number of armature slots will be 72 for 3 slots per pole per 
phase and 84 for 3 \ slots per pole per phase. The corresponding values 
for the tooth pitch at the armature surface 


7r X 25 _ . 

ti = — -■■■ = 1.09 m., 


(1 , 1^5,0.935 in. 

84 


The winding with 84 slots is selected. The conductors per slot will be 
3.79 if the chord factor is 1.0. The number of conductors per slot 
must be an even integer; therefore 4 conductors per slot are used and 
the coils chorded 667 per cent of pitch. The coil throw will then be 
slot 1 and 8, and the chord factor 

7 

k p = sin — — 90 = 0 866. 

10 5 


The final value of the total flux 

254 X 60 X 10* 

** ~ 112 X 900 X 0 86(5 X 0 67(5 

= 25,900 kilo-lines. 


The armature current per phase 

Kva X 10 3 _ 160 X 10 3 
~ Ex 3 ~ 254 X 3 

= 210 amperes. 

The current density in the armature copper should be approximately 
3400 amperes per sq. in., from the curves of Fig. 133. The section area 
of the armature conductor 


I __ 210 

da”! X 3400 


= 0.0618 sq. in. 
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SAMPLE DESIGN OF SYNCHRONOUS MOTOR 

From the copper table a d.c.c., copper ribbon conductor is selected 
which has following dimensions: 0.129 X 0,258 in. bare , 0.149 X 
0.276 in. insulated, area 0.0325 sq. in. Two conductors are wound in 
parallel and arranged in the slot as shown in Fig. 107. The slot dimen- 
sions are: 

Width = (1 X 0.270) + 0 085 = 0.301 in. 

Depth = (8 X 0.149) + 0.31 = 1.50 in. 

The current density for this conductor 
, 210 

Aa = 2 X 0 0325 = 3230 amp ° r0S Per Sq ' in ‘ 


The length of the half-mean-turn of the armature coil is calculated 
as follows (see Fig. 135) : 


d 0 301 + 0 12 
sm a - - 0 _ 935 


0.515 


a = 31° and cos a = 0.857. 

The per unit pitch for the armature coils 
7 

P = 


L a = 


10.5 
ir(D + d s ) 


p cos a 

_ tt(25 + 1-50) 
" 8 X 0.857 

= 18 . 35 in. 


= 0 6G7, 

P 2b d s 1 


0.007 + 1.75 + 1.50 + 7.0 



The resistance per phase of the armature winding at 75° C. 

L a Nr 18.35 X 112 X 0 820 
“ ~ as a X 10° ~ 1 X 0.005 X 10« 

= 0.0202 ohm per phase. 

The bare weight of the armature copper 

6 a = LaNamSa 0.321 = 18.35 X 112 X 1 X 3 X 0.005 X 0.321 


= 129 lb. 
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This motor is designed with two ventilating ducts each § in. wide; 
ducts b in. wide are the more common practice. 

The length of the gap section is taken equal to the total armature 
length, and the air gap density 

B _ <t» _ 25,900 X 10 3 

0 ~ wl)l 3.14 X 25 X 7.0 

= 47.2 kilo-lines. 



The width of I he armature tooth at a section ’ tooth length from the 
minimum width 

r(l) + ld.) ir(25 + fXl.5) 

= — - - - w, = — - - 0.301 

o o± 

= 0.011 in. 


<t> ( 25,900 X 10 3 

“ w, 3 (/ - njVdjkiS ” 0.011(7.0 - 2 X 0.5)0.93 X 84 

= 90.5 kilo-lines. 


From the standard saturation curve for 1 per cent silicon steel, at* = 27 
ampere-turns per inch. 

AT* = at tit == 27 X 1.5 
= 41 ampere-turns. 
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SAMPLE DESIGN OF SYNCHRONOUS MOTOR 


The flux per pole 

4>J d 25,900 X 10 3 X 0.62 
* V 8 

= 2010 X 10 3 lines. 

If the flux density in the armature yoke is taken equal to 80,000 
lines per sq. in., then 

0 2010 X 10 3 

va ~ (l - ndWdVdBya "(7.0 - 2 X 0.5)0.93 X 80,000 

= 4 . 5 in. 

The outside diameter of the armature core 

Do = D + 2d, + d ya = 25 + 2 X 1.5 + 4.5 
= 32.5 in. 

Make the outside diameter 32.5 in., and the armature yoke density 

B V a = 80 kilo-lines. 

The length of the flux path 

_ t(I) + 2d s + Idya) _ 7T (25 + 2 X 1.5 + | X 4.5) 
ya 2 V 2X8 

= 5.93 in. 

at tf „ = 1 1 ampere-turns per in. 

AT ya = ibtyjya = 1 1 X 5 . 93 = 65 ampere-turns. 

From the curves, Fig. 139, the leakage constant will be approxi- 
mately 1.14. The section area of the pole body 

_ 0X _ 2010 X 10 3 X 1.14 
Sp ~ B p ~ 85,000 

= 27.0 sq. in., 

if the flux density, B PJ is assumed equal to 85,000 lines per sq. in. The 
length of the pole parallel to the shaft is equal to the armature length, 
and 

27.0 

w p = = 3.86 in.; use 3.5 in. 
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The radial length of the pole is estimated at 5.0 in. (see page 219). 
The leakage flux is calculated as shown below for machines with a small 



number of poles for which the sides of the poles cannot be assumed to 
be parallel . l 2 * The data for these calculations are taken from Fig. 108: 


l = 7.0, h 8 = 0.94, 

/i p = 3.90, dbi = 2.04, 


rf <4 = 4.98, w t , = 3.50, 


( 1 ) 



7.0 X 0.94 
2 04 


d t = 2.04, B = 0.875, 
db'z — 3 . 00, db 3 = 4.2, 

X = 3000 + 41 + 05 = 3700. 


32.5 


(2) 19ft. log (l + - 19 X o 941og(l + y~) - 12.7. 

/ 1 9 c 7 \ 

(3) 0.4M(-- + ^-+ — + — ) = 0.4 X 3.9 X 7.0 

\dbi dbi db 3 db 4/ 

(^04 + 3^00 + 4~2 + iT^) = 41 ' 5 ' 


* “ Field Leakage in Synchronous Machines,” by Theo. Schou, Electrical Review, 
Vol. 77, Aug. 21, 1920, p. 281. 
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SAMPLE DESIGN OF SYNCHRONOUS MOTOR 


(4) 0.684»[log(l + g) + 31og(l + ^) 

+5 ' og ( i+ S) +71og ( l + S)] 

- 0.58 X 3 9 [log (l + + 3 lo« (l + 

5 log (' + r££t) + 7 log (‘ + fxTs)] ‘ 13 ’• 


+ 


<t>i = 3706(32.5 + 12 7 + 41.5 + 13 1) = 370,000 lines. 
<bi 370,000 

x = l + 1 = 5^o + 1 = 1 - 184 - 

The flux density in the pole body will then be 
2010 X 10 3 X 1 184 


B p — 


3 5X70 


= 97.2 kilo-lmes per sq in. 


TABLE XXII 


Path 

Length 

90 Per Cent E 

100 Per Cent E\ 

1151 

\»i Cent K 

12") 1 

’ci Cent E 

D 

at 

AT 

n 

at 

AT 

n 

.it 

AT 

B 

at 

AT 

Air gap 

Teeth 

1 50 

81 5 

12 0 

1240 

18 

47 2 
90 5 

27 0 

3000 

41 

104 0 

100 0 

4150 

150 

11 1 1 

200 0 

4500 

390 

Armature yoke 

5 93 

72 0 

7 1 

42 

SO 0 

11 0 

(>5 

92 0 

31 5 

1S7 

100 0 

OS 0 

404 

Pole 

5 00 

87 5 

34 0 

170 

97 2 

55 0 

275 

112 0 

157 0 

7S5 

121 5 

340 0 

1700 

Field \oke 

2 80 

35 7 

7 2 

21 

39 7 

S 0 

1\ 

15 0 

9 0 

2(> 

49 0 

10 S 

31 

Total 




3491 


i 

4004 


I 

529S 


i 

7025 


The length of the flux path in the pole is equal to the radial length 
of the pole, which has been estimated at 5 0 in. The ampere-turns 
per pole for hot-rolled sheet steel, 

AT P = atpZp = 55 X 5 0 = 275 ampere-turns. 

The field spider is punched from sheet steel, and the poles are 
assembled as shown in Fig 103 If the shaft diameter is taken equal 
to 6.0 in., two times the radial depth of the spider 

= 25.0 - 2X0 22 - 2x50-60 = 8 56 in. 
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The flux density 


But = 


2010 X 10 3 X 1.184 
8.5G X 7.0 


39 . 7 kilo-lines per sq. in. 


The length of the flux path 



Ampere-Turns per Pole 


Fig. 169. 


From the standard saturation curve for open-hearth sheet steel for field 
poles, at yf = 8 ampere-turns per in. 

AT yf = at y/lyf = 8 X 2 . 8G = 23 ampere-turns. 

The calculations for the open-circuit saturation curve are given in 
Table XXII, and the curve is shown in Fig. 1G9. 
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SAMPLE DESIGN OF SYNCHRONOUS MOTOR 


The armature leakage reactance is calculated by formula 148 for a 
fractional slot winding. The data required are: 


/ = 

60, 

QO 

II 

5Q 

P = 0.667, 

Ad — 0.956, 

h = 

7.0, 

di = 1.25, 

D = 25, 

5 = 0.22, 

m = 

3, 

d 2 = 0.20, 

p = 8, 

K, = 0.75, 

N = 

112, 

w. = 0.361, 

fcp = 0.866, 

A =1.11. 

X, 

2 . OflmN 2 
~ 8. X 10 7 




W di d 2 \ 0.3(3 P -1 )D8, 0.53 Dkfhf 

3 w. + w.) + pH + 8, 

*•(£. + £) “ 0 75 (r^rni + rni) * 

0.3(3P - 1 )DS, 0.3(3 X 0.GG7 - 1)25 X 84 , „ 

— — — — 1 A 1 


i ' i = ^ — = l 41 

pH 8 2 X 7.0 

0 . o'iDk p 2 k,i 2 0.53 X 25 X 0.866 2 X 0.956 2 


84 X 0.22 X 1.11 


= 0.443. 


Xi - 2 0 X 60 X 7^.0X3 X _ n2 _ 2 (1 28 + 1Al + 0 443) 

= 0.118 ohm per phase. 

The per cent reactance drop due to full-load current 

gi 100 . t 00 - 9. 75 per cent. 

iL 254 

The full-load a-c. resistance drop of the armature winding, using a 
stray loss factor, k$ = 1.25 (see page 255), 

/««_ 210 X 0.0262 X 1 .25 _ 

— 100 = — 100 = 2.71 per cent. 

E 254 

The per cent impedance drop 

= V2.71 2 + 9.75 2 = 10.1 per cent. 

From equation 157, K a = 0.86, and A\ is equal to 0.993 from 
page 266. 

A d i = 0.86 X 0.993 = 0.855. 
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The equivalent field ampere-turns per pole of armature reaction in 
the direct axis for full-load current at zero per cent power factor 


AT af = 


0A5K„mNIk p kd 

V 

0.45 X 0.80 X 3 X 112 X 210 X 0.866 X 0.956 
8 


= 2830 ampere-turns. 

The direct axis synchronous impedance curve is shown in Fig. 169, and 
the short-circuit ratio 

ATP 0 4000 
ATP,. ~ 3200 “ 

The unsaturated short-circuit ratio 


scr 


3600 


3200 


1 . 124. 


The per unit unsaturated direct-axis synchronous reactance 


Xd 


1 

1.124 


0.89. 


The per unit armature reaction reactance 

= 0.89 - 0.098 = 0.792. 

When calculating the per unit resistance and reactance for a leading 
power factor synchronous motor the in-phase component of the input 
current is used instead of the total input current. 

For the pole shoe form used for this design it is probably more 
accurate to us e/d instead of ^ in the calculation of A q \. 

4X0.62+1 sin 0.62X180 

A„i = 

5 it 

= 0.40. 


The per unit armature reaction reactance in the quadrature axis 



0.792 


0.400 

0.855 


0.37. 


The per unit unsaturated synchronous reactance in the quadrature 
axis 


X q = 0.098 + 0.37 = 0.468. 
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The field ampere-turns per pole for full-load at unity power factor 
are found graphically as shown in Fig. 169, 

ATPioo = 5220. 


The field winding for this machine will be of the wire-wound type. 
The average depth of the coil is estimated at 1.0 in. (see Fig. 168), and 
the approximate mean length of turn 

L f = 2 X 7.0 + 2(3.5 - 0.25) + tt(0.45 + 1.0) 

= 25.05 in. 

The section area of the conductor 


ATPiooL/p X 0.826 5220 X 25.05 X 8 X 0.826 

S/ ” Ef X 10 6 “ 120 X 10° 

= 0 . 0072 sq. in. 

A number 11 square conductor is selected. The dimensions are: bare 
diameter 0.091 in., insulated diameter 0.103 in., area 0.00775 sq. in. 
For a current density of 2000 amperes per sq. in., the field current 


if = s f A f = 0.00775 X 2000 


= 15.5 amperes, 

and the turns per pole 

_ ATP i no _ 5220 
if 15 5 


337. 


From the sketch, Fig. 168, the height of the winding space hf = 3 A 


in. The number of turns per layer = 


3.4 

0.103 


= 33. In winding the 


field coils, the space of one turn is required in passing from one layer 
to the next; therefore 32 turns per layer are used. At the base of the 
pole, the depth of the field coil can be approximately 0.90 in., which will 
permit 9 layers. The remainder of the turns are wound as shown in Fig. 
168, making a total of 342 turns. 

The corrected length of mean-turn 


L n = 2Zi + 2(w p - 0.25) + tt(0.45 + 2di) 

= 2 X 7.0 + 2(3.5 — 0.25) +tt(0.45 + 2 X 0.464) = 24.83 in. 

L f2 = 2h + 2(w p - 0.25) + tt(0.45 + 2 d 2 ) 

= 2X7.0 + 2(3.5 - 0.25) + t(0.45 + 2 X 0.98) = 28.07 in. 



DESIGN OF 200-Hp SYNCHRONOUS MOTOR 


279 


L/3 = 2h + 2 K - 0.25) + ir(0.45 + 2d 3 ) 

= 2 X 7.0 + 2(3.5 - 0.25) + *-(0.45 + 2 X 1.08) = 28.70 in. 

L /4 = 2li + 2 (w p - 0.25) + tt( 0.45 + 2 d 4 ) 

= 2 X 7.0 + 2(3.5 - 0.25) + *-(0.45 + 2 X 1.18) = 29.33 in. 

y Lfllfl + L/2//2 + Lf 3 t/3 + L/4</4 

£/ T, 

_ 24 83 X 288 + 28.07 X 25 + 28 70 X 18 + 29.33 X 11 

342 ~ 


= 25.4 in. 

The resistance of the field winding at 75° C. 

L ft /p X 0 820 25 4 X 342 X 8 X 0.820 


Kf = 


*/ X 10° 
= 7.4 ohms. 


0 00775 X 10'- 


If 5 volts drop is allowed for the exciter leads and brush contacts, the 
field current 

120 

1 / — — =10.2 amperes, 

/ 4 


and the field copper loss 

W f = i s 2 R f = 10.2“ X 7.4 = 1940 watts. 


The radiating surface 

S / = 2(r// + h f )L f p = 2(1 .24 + 3.38)25 4 x8 
= 1880 sq. in. 

The surface per watt loss 


Wf 


1880 

1940 


0.97. 


The exciter capacity required 


e; 2 

w = — 

e R f X 10 3 


7.4 X 10* 


= 211 kilowatts. 


The weight of field copper 

Gf = L/tfpSf X 0.321 

= 25.4 X 342 X 8 X 0.00775 X 0.321 
= 173 lb. 
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The squirrel-cage winding for synchronous motors is placed in the 
pole shoe and is designed to produce the required starting and pull-in 
torque with minimum starting kva. 3 To avoid dead points, that is, 
points of low or zero tfrque in the speed torque curve, it is important 
that the rotor bar pitch and the stator tooth pitch be not the same. The 
rotor bar pitch should be 15 to 20 per cent larger or smaller than the 
stator tooth pitch. The resistance of the squirrel-cage winding deter- 
mines the torque and leva during the starting period. The squirrel- 
cage winding resistance depends upon the length, section area, and 
material of the bars. Two starting windings are designed for this motor, 
a single-cage and a double-cage. The single-cage winding has six 
f-in.-diameter round copper bars placed in the pole shoe as shown in 
Fig. 1G8. The section area of the end-ring is calculated as explained 
on page 321. 


0 . 32 sitN i 
V 


0.32 X 0 111 X 48 

8 


= 0 213 sq. in. 


A rolled copper strap is used for the end-ring, T 'V 5 in. by 1.25 in., with 
section area 0.234 sq. in. The bars are allowed to extend 2.0 in. beyond 
the pole iron on each end to provide room for the end-ring. The length 
of the bars is then 11.0 in. 

The per unit constants for the equivalent circuit shown in Fig. 147a 
for a single-cage winding are calculated as shown below. The stator 
reactance has been calculated on page 270, and the per unit value 

210 

Xi = 0 118— = 0 098. 

254 


The per unit rotor reactance in terms of the stator winding (see page 230) 


X 2 


2.0 flmN 2 k/k/l S\ [/ ch\ 0 2GGD1 / 

SslO 7 S r L\ + wj + S,5k J E 


2.0 X 00 X 7 X 3 X 1 12 2 0 800 2 X 0 950 2 X 84 

84 X 10 7 48 X 


0 266 X 25 "1 210 

0 063 1 48 X 0.22 X 1 . llj 254 


r 0 063 

0.62 + + 


= 0.0816. 


3 For the starting and pull-in torque requirements for synchronous motors see 
A.S.A. Standards C50, March, 1943, p. 25 These standards may be obtained from 
the American Standards Association, 70 East 45 Street, New York 17, N.Y. 
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The per unit magnetizing reactance is calculated from the unsaturated 
short-circuit ratio given on page 277. 

X m = — - Xi = -4— - 0.098 = 0.792. 
scr 1 . 124 


The per unit reactance of the field winding in terms of the stator winding 


= 


2 . OflmN 2 
S. X 10 7 


k p 2 k d 2 S s 


<tn I 

10 Xpl E ' 


Here, 4>i is the field leakage flux in lines calculated on page 274, and X 
is the sum of the field ampere-turns per pole for gap, armature teeth, 
and yoke. 


v 2.0 X GO X 7 X 3 X 112 2 
X /s = .... 0.86G 2 X 


84 X 10 
0.956 2 X 84 


370,000 


210 


10 X 3706 X 8 X 7 254 


= 0.32. 


The resistance of the armature winding is given on page 270 for 
75° C. For starting performance calculations the resistance of the 
windings at 25° C. is used. The per unit armature resistance at 25° C. 

Ri = 0.022^ = 0.0182. 

254 


The per unit field winding resistance plus the field discharge resistance 
equal to 4 times R f in terms of the stator winding at 25° C. 

„ 0.7()/i p H\rN 2 R f 1 

R '-~ iV E 

__ 0.70 X 0.8G6 2 X 0.95G 2 X 112 2 X 31.2 210 
~ 8 2 X 342 2 254 

= 0.0208. 


The per unit squirrel-cage winding resistance in terms of the stator 
winding at 25° C. 

= k/k/N 2 mr l b Q .(»47) fr l7 
2 10« p 2 s rr J E 

0.866 2 X 0.95G 2 X 1 12 2 X 3 X 0.692 w 
_ 10° X 
T 11.0 0.64 x 24 1 210 

LO.111 X 48 + 8 2 X 0.234J 254 
= 0.0455. 
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'• The constants are now put into the equivalent circuit of Fig. 147a 
and the per unit input current and torque calculated for a slip of 1.0 
and 0.05. When the slip is 1.0, that is, at starting, the per unit current 
and torque are calculated as follows: 

Z ft = 0.0208+J0.32 =0.3 2/80.3° . 7/» = 0.203-y3. 12 = 3. 125 /- 80. 3° . 


Z 2 = 0.0455+y0 0810 = 0.0934 /01.0° . 
Ztr - 0 . 0293 = j0 . 0073 = 0 . 0735 /00.5° . 
X* = jO 792. 

Z = 0 . 0246-h/O . 0044 = 0 . 009 /08 5° . 
= 0. 0182 +;0. 098. 

Zr = 0.043 -f;?'0. 1009 = 0 1005/75°. 


Zt 0.1005 


7 2 = 5 22 -jO 37 =10. 70 /- 00. 9° . 
F 2 7’ = 5 423— yi 2 49 = 13.0 /- 00 .5° . 
Y m = 0 -yi.26. 

7 = 5 423 -y 13 75 = 14. 79 /- 08. 5° . 


, T Z „ 0 0077 „ 

I 2 =/i — = 0 0 = 5.53. 

Z 2 r 0 0735 


r=/ 2 2 /e 2 r - 


i 


rated pf 


- = 5. 53 2 X0. 0293 = 0.895. 


When the slip is 0.05, that is, at pull-in, the per unit current and torque 
calculations arc made as shown below: 


Z/, = 0.415 -H0.32 =0 524 /37.0° . 

Z 2 = 0.91 -t-yo. 0810 = 0 91 /5 2° . 
Zit — 0.31 -hyo 150 =0.345 /25.9° . 
X*,= yo.792. 

Z = 0.198 -hjO.192 =0.270 /44. 1° . 
Z,=0.0182+y0.098. 

Z T = 0 . 2102 +yo .29 = 0 . 302 /53.3°. 


7, = i=-i 

Zt 0.302 


= 2 70. 


I 2 = /, - =2.70 5-^=2 21. 
'Mt O 345 




1 


rated pf 


= 2 21 2 X0.31 = 1 52. 


7, 8 =1 51 -yi 105 =1.9l /-37.0° . 
r 2 =l 095— yo 0987 = 1 10 /— 5 2° . 
r 2 r = 2 005-yi.204 =2 90 /-25,9°. 
Y m - o — yi .20. 

7=2 005 -ya 524 =3 03 /- 44.1° . 


^ For the double squirrel-cage- winding design the outer bars at the 
pole shoe surface are brass, in. in diameter and set in. below the 
pole shoe face with -in. -wide reluctance slots. Two \ -in. -diameter 
copper bars are used for the lower cage and placed £ in. below the two 
center bars with a f Vin.-wide reluctance slot between them. The end- 
ring has the same dimensions as the one for the single-cage design and is 
-common to both windings. The equivalent circuit for a combination 
.single- and double-cage winding is shown in Fig. 147c, and the per unit 
.constants are calculated as shown below : 

The per unit stator reactance 

Xi = 0.098. 
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The per unit reactance of the four single-cage bars in the tips of the pole 
shoe 

2.0 X 60 X 7 X 3 X 112 2 0 8G6 2 X 0 956 2 X 84 

Xi = 


84 X 10 7 

0 063 
0 62 + — — + 


32 


X 


0 266 X 25 


0.063 32 X 0 22 X 


15 " 

1 11 . 


210 

254 


= 0 138. 


The per unit magnetizing reactance 

X m = 0 792. 

The per unit reactance for the two top cage bars 

2 0 X 60 X 7 X 3 X 112- 0 806-’ X 0 95(r X 81 


X 2( = 


c 


84 X 10 7 10 

0 200 X 25 \ 210 

0 003 ' 10 X 0 22 X 1 11/254 


X 


0 003 

0 02 + + 

1 t\ t\n o 1 


= 0 372. 

The per unit reactance of the two lower cage bars 

2 0 X 00 X 7 X 3 X 1 12-’ 0 866-’ X 0 95G 2 X 81 


X 26 = 


(' 


84 X H) 7 
, „ 0 003 

o 02 + + 


10 


X 


0 200 X 21 


210 

0 063 " r 16 X 0 22 X 1 1 1 7 254 


5-N 


= 0 484. 


The per unit reactance of the field winding 

X f 8 = 0.32. 

The per unit stator resistance at 25° C. 

U i = 0 0182. 

The per unit field winding resistance plus the discharge resistance of 25 
ohms at 25° C. 

N f s == 0 0208. 

The per unit squirrel-cage winding resistance for the four single-cage 
brass bars at 25° C. 

D 0 8GG 2 X 0 95(r X 1 12 2 X 3 X 0 692 

/_11 0 X 4 0 04 X 21 \ 210 

\32 x o" 0766 + 8 2 X 0 234/ 254 
= 0 281 . 
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The per unit resistance of the two brass bars of the upper cage winding 

at 25° C. 


R$t — 


0.866 2 X 0.956 2 X 112 2 X 3 X 0.692 

10° X 


/ 11 X 4 0.64 X 24 \ 210 

\16 X 0.0766 + 8 2 X 0.234/ 254 
= 0.546. 


The per unit resistance of the two copper bars of the lower cage winding 
at 25° C. 


R 26 


0.866 2 X 0.956 2 X 112 2 X 3 X 0.692 w 
10« x 


/ 11.0 0.04 X 24 \ 210 

\16 X 0.197 + 8 2 X 0.234/ 254 
= 0.067. 


When the slip is 1.0, that is, at starting, the calculations for per unit 
current and torque are carried out as shown below : 


Zy, = 0 . 067 +J 0.484 = 0 . 484 / 82 . 1 ° . 
R 2t = 0 . 546 . 

Z2b+i?2i = 0.243 -f; 0.2.36 =0.339 /43.9° . 
X 2t — ; 0.372. 

Z 2 ,„ = 0.243 -f/ 0.608 = 0.655 / 68 . 3 ° . 
Z 2 = 0.281 +/ 0.138 = 0 . 314 / 26 . 2 ° . 
Z/„ = 0 . 0208 +j 0 .32 = 0.32 / 86 . 3 ° . 

Z 2 T = 0 . 0747 +i 0 . 1225 = 0 . 1 435 / 58 . 6 ° . 
Xm= / 0 . 792 . 

Z = 0 . 057 H-y 0. 1115 = 0 . 1252 / 63 °. 

Zi = 0 . 0 1 82 +/ 0 . 098 . 

Zt = 0 . 0752 H-jO . 2095 = 0 . 222 /70.3° . 


y 26 = 0 . 285— y 2 . 06 = 2 . 08 /— 82. 1° . 
(721 = 1.83. 

Yto+W = 2.1 15-y2 . 06 = 2 . 95 /- 43 .9° . 

Y>m = 0 . 566 — yi . 42 = 1 . 53 /-08.3° . 
) 2 =2. 86 -yi .41 =3. 19 /— 26.2° . 
Y f , = 0 . 203 -;3 . 1 2 = 3 . 13 /-80 . 3° . 

y 2 7’ = 3 . 629 -;5 . 95 = 6 . 97 /-58.6° . 
Y m = 0 -yi.26. 

Y = 3 . 629 -;7 . 1 1 = 7 . 98 /-63° . 


7i = — = - 


1 


= 4.5. 


Zt 0.222 

T T Z , r 0.1252 0 

7 2 = 7i — = 4.6 = 3 . 93. 

Z 0.1435 


T=T<?R 2 t 


1 


rated pf 


= 3 . 93 2 X 0 . 0747 =1.16. 


The calculations for per unit current and torque from the equivalent 
circuit of Fig. 147c for a slip of 0.05, at pull-in, are shown below: 


Z26= 1.34 -b'0. 484 =1.426 /19. 8°. 

22 2 t = 10.9. 


726 = 0.661 - y 0.238 = 0 . 702 /- 19.8° . 
02* = 0.917. 
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Za+R»= 1-21 +>0.382 = 1.267 /17.6° . 

— j'0.372. 

Znbt= 1.21 -h;0. 754 =1.425 /31. 9° . 

Z 2 = 5.62 +j'0. 138 = 5. 62 /1. 4° . 

Z/ a - 0.415 +J0.32 = 0.524 /37.6° . 
Z 2 r= 0.301 +J0. 203 = 0.364/34°. 
X* = +;0.792. 

Z= 0.175 -fiO. 214 = 0.277 /50. 8° . 
Zi= 0.0182+y0.098. 

Zr= 0. 1932-fjO. 312 = 0.367 /58 2° . 


h=I i 


— = 2.725 
Z2T 


0 277 
0 364 


= 2.075. 


Yja+fir* = 0 . 7527 -iO .238 =0.79 /-17.6°. 

F26/ = 0.596 -iO.371 =0.702 /— 31 .9° . 

Y 2 = 0.178 -jO . 00437 = 0 . 178 /- 1 . 4° . 
Y/ fl = 1.51 -y 1.165 =1.91 /— 37 .6°. 

Y 2 r = 2.284 -yi.54 =2. 75 / -34° . 

y wl =o -yi.26. 
y = 2 . 284 -y2.80 =3.61 /— 50.8 °. 


T = URit = 2 . 075 2 X 0 • 301 = 1 . 295. 

rated pf 


The results of the current and torque calculations are summed up below. 



Starting s = 1 

Pull-in fi 

= 0.05 

Winding 

p.ll. Current 

p.U. Torque 

p.U. Current 

p.U. Torque 

Single-cage 

6.0 

0.895 

2.76 

1.52 

Double-cage 

4.5 

1.16 

2.725 

1.295 


The armature copper loss for full-load 

W a = linPm = 0.0202 X 210 2 X 3 
= 3400 watts. 


The field current for full-load at 100 per cent power factor = 16.2 
amperes. With 123 volts applied at the collector rings, 

W f = i f E e * 10.2 X 125 
= 2020 watts. 

The weight of the armature teeth 

G ct = 0.03(7 - 2 X 0.5)0.93 X 84 X 1-50 X 0.278 
= 123 lb. 

The weight of the armature yoke 

Gey = - [32. 5 2 - (25 + 3) 2 ](7 - 2 X 0.5)0.93 X 0.278 


= 334 lb. 
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The loss per pound in the armature teeth, due to the fundamental 
frequency flux for the density, B t s = 90.5 kilo-lines = 2.82 watts for 
1 per cent silicon steel, 26 gauge. The loss in the teeth 

W ct = 2.82 X 123 = 347 watts. 

The loss per pound in the armature yoke due to the fundamental 
frequency flux = 2.18 watts for 1 per cent silicon steel. The loss in the 
yoke W C y = 2.18 X 334 = 728 watts. The total core loss 

W c = (347 + 728)2 = 2150 watts. 

The friction and windage losses are taken from the curves in Fig. 159 
and are equal to 1200 watts. 

The stray load-losses will be estimated at 25 per cent of the arma- 
ture PR loss. 

The efficiency calculations in Table X XT IT are for unity power factor 
at all loads. 

TABLE Will 


Losses 

T 

i 

3 

T 

4 

r 

5 

T 

Armature I 2 R 

0 22 

0 80 

1 05 

3 40 

5.40 

Stray load 

0 22 

0 13 

0 05 

0 87 

1.08 

Field winding 

1 21 

1 44 

1 08 

2 02 

2.22 

Core 

2 15 

2.15 

2 15 

2 15 

2.15 

Friction and windage . 

1 20 

1.20 

1 20 

1.20 

1.20 

Total 

5 00 

0.08 

7 03 

0.70 

12.05 

Output 

37 30 

74 00 

112 00 

140 00 

180 50 

Output + losses 

42 30 

80 08 

110 03 

158 70 

108 55 

Efficiency, per cent 

89 1 

92.4 

03 8 

94 0 

04 0 


The effective radiating surface of the armature 

Sa = - A ( Do 2 - D 2 ) (2 + n„) + 7cl(D + Do) 
4 


= - (32. 5 2 - 25 2 ) (2 + 2) + t r X 7(32.5 + 25) 


= 2025 sq. in. 


The radiating surface per watt loss 


Sa 

w 


2025 


7 


0.091 sq. in. per watt. 


2150 + 4330 


18.35 
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The radiating surface per watt loss for the field winding has been 
calculated on page 279. 

For motors driving centrifugal pumps and in general for high- 
speed motors it is not necessary to calculate the displacement angle 
and synchronizing power. For slow-speed synchronous motors direct- 
connected to periodic fluctuating loads, such as air and ammonia 
compressors, these calculations must be made to determine the proper 
flywheel to limit the armature current pulsations 4 to safe values. 

For full-load and unit power factor 


b e = sin -1 

= sin 1 


X g cos 0 

V 1 4- X q ~ -f- 2X q sin 0 
0 408 X 1 
Vl + 0 4G8 2 


= 2G 2°. 


Pr 


57 3 X 0 746 X hp. 

5, 


57 3 X 0 74G X 20 0 
2G 2 


= 327 kw. 


The shafts for electric machinery must be rigid to guard against 
flexing due to unbalanced magnetic pull between rotor and stator. 
When the rotor is perfectly cent ('red inside the stator, that is, uniform 
air gap length around entire rotor periphery, the pull of each pole is 
balanced by an equal pull diametrically opposite. When the air gap is 
slightly smaller on one side of the rotor a large unbalanced pull is pro- 
duced. For purposes of shaft design the unbalanced magnetic pull is 
calculated for a rotor displacement of j 1 ., inch. 

The magnetic pull between each field pole and stator core 


P P 


/AW 

8tt2.54 2 X 445,000 


fd Py<f>p 

72 0 X 10° 


pounds. 


For aV”in. rotor displacement the unbalanced pull on the rotor 


P d 


Pg^pf d P 

19206 X 10° 


pounds. 


4 See reference, page 238. 



288 


SAMPLE DESIGN OF SYNCHRONOUS MOTOR 


SYNCHRONOUS MACHINE DESIGN SHEET 

Motor 


Hp 200 Kva 159 Volts 440 Phase 3 Amperes 209 Cycles 60 Poles 8 
Ilpm 900 Kva /rpm 0 166 Output constant 2 75 X 10 4 


Ahmature 

Sheet steel 0 019 Electrical grade 

Outside diameter 

32 5 

Gap diameter 

25 

Total length 

7 

Ducts number and size 

Two 1 

Gross length 

(» 

Effective length 

5 58 

Slots pe r pole pe r phase 

II 

Total numbi r of slots 

84 

Type erf winding 

Star 

C lrcuits pci phase 

One 

C oil throw 

Slots 1 and 8 

Per cent pitch 

66 

Coneiuctors 

Pe r slot 

4 

Dimensions 

0 149 X 0 276 

Area 

2 X 0 032 * 

In series per phase 

1 12 

1 otal 

*16 

Current density 

12 JO 

Length one half mean turn 

18 1 t 

Rcnistanee per phase 25° ( 

0 022 

Re sistanee per phase 75° C 

0 0262 

Re sistance drop volts 

< 87 

Resistance drop pe r e e nt 

2 71 

Reactance drop veilts 

21 8 

Reactance drop per ce nt 

97> 

Impedance drop \olts 

2)7 

Impe dance drop per e e nt 

10 1 

Armature reaction AT pe r pole 

1290 

Armature re action fac tor 

0 S6 

eq fid AI 

2S 10 

Ampere e ondue tors per me h 

778 

Short-circuit ratio 

1 25 

ZPLn 

2 64 X 10* 

Kva 

ATP oo 

>220 

Square inches pci watt 

0 0J1 




1 IELD 


Total air gap length 


2X0 22 

Rotor diamc te r 


24 56 

Pi nphi ral speed 


5770 

Pole pitch 


9 81 

Pole are 


6 875 

Material spider 

Hot rolled steel 

Damper slot pitch 


1 125 

I) impe r bars pi r pi le 


6 

Sizi of bar 


* m diam 

M ite l ml of b lr 


Copper 

Se etion end-ring 

i« X 

1 2 1 - 0 234 

M itcnal end ring 


Copper 

\ir gap coe flic lent 


1 11 

I ffcctne length of gip 


0 244 

I ( ik igi t oust lilt 


1 184 

Id 0 62 ft 1 14 ft, 0 956 

C 0 676 k P 0 866 

Total flux 25 900 k 1 J lux per poll 

2010 k 1 



Sec 
ti >n 

Den 

Slt\ 

1 1 ngtli 

Amp - 
turns 

Air gap 

5 >0 

47 2 

1 1 1 X0 22 

1600 

Ti i th 

287 

90 5 

1 50 

41 

Arm ituro yoke 

25 1 

80 0 

5 91 

65 

Poles 

24 > 

97 2 

5 0 

275 

J ie Id ye>ki 

60 0 

19 7 

2 86 

21 

Tot il atnpi re 





turns per 





pole 




4004 


Si/c of conduc tor No 1 1 square 

1 urns poi t ole * 342 

Amperes no lo id 117 Miximum 16 2 

Length of mean turn 25 4 

Resist into 25° ( 6 21 

Re sist me e 75° ( 7 4 

1H no load 69 6 M ixmium 120 

1 R no load 815 Maximum 1940 

Sepiare inch per watt maximum 1 0 97 

k\ a 159 

Powe r f ictor 1 00 

Ani| ere s 15 26 

llx 75° C 113 

1 R 75° ( 1830 

Squaii mill per watt 1026 

1 xciter \olt ige 125 

I xciter eapaeity 2 11 

I i li Load Loshlb 

T riction and wind ige 1200 

C ore 2150 

Stiay load 870 

Ai mature eopper 3460 

1 i< Id e opper 2020 

lotal losses 9700 

llywheel effect W R 2 

Weighib 

Armature eopper 129 

I ie Id eopper 173 

\rmature teeth 123 

Armature yoke 314 

Ticld poles 314 


Remarks *9 lavers — 32 turns 

\d =0 89 

\ <, - 0 468 

1 layer 25 turns 

& e = 26 2° 

lr =327 

1 layer — 18 turns 

R p = 817 


1 laj er 1 1 turns 

Pd = 1115 




Designed by J H Kuhlmann Date 


Ill — Induction Motors 


CHAPTER XVI 

CONSTRUCTION 

Polyphase motors are built in sizes from 2 hp.to very large sizes, 
several thousand horse-power. There are two types of polyphase 
induction motors in general use: (1) the polyphase squirrel-cage motor, 

and (2) the polyphase 
wound-rotor, or slip- 
ring motor. 

The typos of con- 
struction generally 
employed are shown 
in Figs. 170, 171, and 
172. 

Stator. — The con- 
struction of the stator 
or field of the induc- 
tion motor is generally 

Fig. 170. — Cross-section of squirrel-cage induction same as the anna- 

motor. ture of synchronous 

machines. For small 

machines, the same stator is often used for either a synchronous machine 
or an induction motor. 

The stator laminations are punched from electric sheet steel with 
from 1 to 3.0 per cent silicon. The thickness of the sheet is usually 
from 0.014 in., for machines for which low core loss is important, to 
0.019 in. For small-diameter machines, the stator laminations are 
often punched in one piece. For the larger diameters, segmental 
punchings are always used. Figure 173 shows a one-piece stator 
punching with partially closed slots and two segmental punchings, one 
with open slots and one with partially closed slots. The punchings 
are assembled in the stator frame as shown in Figs. 170, 171, and 172. 
When the length of the stator coTe exceeds 4 or 5 in., it must be divided 
into sections by radial ventilating ducts to insure proper ventilation of 

289 




290 


CONSTRUCTION 


the core and winding. The ventilating ducts are l in. wide for moderate 
sized machines and \ in. for large machines. The distance between 


centers of ducts 
should not exceed 
3 in. A ventilating 
duct is generally 
provided at each 
end of the stator by 
the tooth supports. 
An assembled stator 
core with part of 
the stator coils in 
place is shown in 
Fig. 174. 

For small-diain- 



Fig. 171 Sectional assembly of totally enclosed squirrel- 
cage motor with ball bearings 


eter motors partly 


closed stator slots are used and the teeth, instead of the slots, have 



Fig. 172. — Cross-section of vertical 
squirrel-cage motor. 


parallel sides. Figure 175 shows one 
punching for a 1-hp, 3-phase, 4-pole, 
18(K)-r.p.m. motor. 

The stator frames for very large mo- 
tors are as a rule built up of welded 
rolled steel plate just as the armature 
frames of synchronous machines (see Fig. 
17G). 

Rotor. — The rotor is built of sheet 
steel laminations, generally punched from 
the same material as that used for the 
stator. For small motors, the rotor 
punchings are punched in one piece and 
assembled on the shaft. Figure 177 
shows one rotor punching for a 1-hp, 
4-pole, squirrel-cage motor. One-piece 
punchings are used for medium diameters; 
for large diameters segmental punchings 
must be used. These are assembled on 
a spider and clamped between two end- 
plates by through-bolts, as shown in Fig. 
178. 


When ventilating ducts are required in the stator, an equal number 
of ducts of the same size are used in the rotor. For squirrel-cage 
rotors, the slots are generally shallow and the tooth supports and venti- 
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Fig. 173. — Induction motor stator punchings. 



Fig. 174. — Partially wound stator with open slots. 





CONSTRUCTION 



Fia. 175.— Stator punching for 1-hp, 1800 -r.p.m., three-phase, 60-eyele motor. 

Outside diameter 7 J in Slot width / top 0.33 in. 

Inside diameter 4J in. ° \ bottom 0.30 in. 

Slot opening 0.11 in. Slot depth 1.0 in. 



Fig. 176. — 1500-hp, 36-pole, 200-r.p.m., 6600-volt mill type induction motor with 
welded rolled-steel stator frame. 
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Fig. 180 — Complete rotor with cast squirrel-cage winding. 
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lating ducts at each end of the armature core are often omitted. For 
the slip-ring motor, insulated windings must be used in the rotor, which 
require deep slots and tooth supports at each end of the rotor core, 
similar to those used for the stator. A sectional view of stator and 
rotor for a largo-capacity, wound-rotor motor is shown in Fig. 178, and 
a partially wound slip-ring rotor is shown in Fig. 179. 

The squirrel-cage winding is generally built up of rectangular or 
round copper bars joined at each end by a copper end-ring. A cast 
squirrel-cage winding is used by several manufacturers. The metal 
used is aluminum and is cast into the assembled rotor core. With this 
method of construction, it is possible to use a large number of rotor 
slots on small-diameter rotors without excessive tooth densities, because 
teeth with parallel sides can be used with trapezoid-shaped slots. The 
rotor punching shown in Fig. 177 is for a cast squirrel-cage rotor. A 
complete rotor with cast squirrel-cage winding is shown in Fig. 180. 



CHAPTER XVII 


THE STATOR 

The design of the stator of an induction motor is carried out in the 
same way as the armature design of a synchronous motor or generator. 
The voltage induced in the stator winding 

4> t nNk p C v . , 

E = 60 x 10 8 V ° tS pCr p laKC- ( 17 °) 

This formula is explained on page 1 74. 

A sine-wave flux distribution is generally assumed for the induction 
motor, because the distributed stator winding produces an air gap 
flux wave which is very nearly sinusoidal. The form factor and flux- 
distribution factor have been explained on page 181. They are equal 
to 1.11 and 0.037 respectively for a sine wave. The winding-distribu- 
tion factor has been carefully explained on page 193. It may be taken 
equal to 0.950 for 3-phase windings and 0.91 for 2-phase windings. 
The winding constant 

C w = fbfdka = 1.11 X 0.037 X 0.950 = 0.077 for 3-phase, 

C w = J b fak d = 111 X 0 . 037 X 0 . 91 = 0 . 0 13 for 2-phase. 

The voltage induced in a coil is proportional to the sine of the half- 
angle which the coil spans. The sine of the half-angle spanned by the 
coil is called the chord factor. 

k p = sin (P X 90°). 

For a given voltage the total flux 

EX 60 X 10* 

4>t = “ u :~p; lines. 

nNkpCw 

In this equation E is the induced voltage per phase and is equal to the 
terminal voltage per phase times (1 - per unit I m X per unit X\). The 
product of per unit I m and X\ generally lies between the limits 0.02 
and 0.04 and can for most designs be taken equal to 0.03. Then 
E = E t X 0.97. 
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Induction motor magnetic circuit calculations are often more con- 
veniently made by using flux per pole instead of total flux, and frequency 
instead of synchronous r.p.m. The flux per pole 


<t>t Xfd 
V 


Substituting the equation above for <j> t and 
r.p.m., 


2 X 60 X / 

V 


for synchronous 


cj> = 


Et X 0 97 X 10 8 
2 22 Nfkpka 


lines. 


Output Constant. — If E is the terminal voltage per phase, the output 

of an induction motor 

. Elm X eff. X PF 

hp. = horsepower, 

746 


E = 


(f>tfiNk p ( w . ■ x i 

~o o ~ x ~' To** vo ts ’ a PP roximatel y' 


The total flux <t> t = Trl)l { ,B ay and the total ampere-conductors on the 
stator JmNkp = ttDQ. Substituting into the output equation above, 

= t rJ)l u B a wJ)QtiC u X off. X PF 
1P ' 44 75 X 10 11 


D 2 l„nB„QC u X eff. X PF 
4 54 X 10 11 

I) 2 1 g n 4 54 X 10 11 

hp. B U QC V X efl. X PF 


(171) 


Air Gap Density. — In an induction motor the magnetizing current 
or the current required to maintain the flux in the magnetic circuit is 
drawn from the alternating-current lines to which the motor is con- 
nected. This magnetizing current lags the voltage by 90° and must be 
small if reasonable operating characteristics are to be obtained. For 
air gap lengths as short as practicable, the reluctance of the air gap is 
greater than that of the remainder of the magnetic circuit. To avoid 
excessive magnetizing currents moderate densities are therefore required. 
The density in the stator teeth is directly proportional to that in the 
air gap. High tooth densities produce high core losses and increase 
the magnetizing current. The flux density in the air gap of induction 
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motors generally lies between the limits 25,000 and 45,000 lines per 
sq. in. The high values are for large-eapaeity, high-speed motors. 
For general-purpose motors, air gap densities from 30,000 to 40,000 
lines per sq. in. are most satisfactory. 

Ampere-Conductors. —The value of the ampere-conductors per 
inch of stator gap circumference depends upon the size of the motor, 
the voltage of the stator winding, the type of ventilation, and the permis- 
sible leakage reactance. Average values of Q for open-type, 40° C.-rated 
motors for voltages up to 2500 volts are given by the curve in Fig. 181. 



Fia. 181. — Ampere conductors per inch of statoi gap eiieuiiifeienee foi polyphase 

lnduetion motois 


Efficiency and Power Factor. The operating characteristics shown 
in Table XXIV are for normal polyphase, 00-cycle, constant -speed, 40°, 
squirrel-cage motors for voltages up to 000 volts, and those in Table 
XXV are for normal polyphase', 00-cycle, constant -speed, 40°, slip-ling 
motors for voltages up to 000 volts. 

For 2200-volt motors, the full-load efficiency is approximately 1 per 
cent lower and the full-load power factor approximately 2 per cent lower 
than the values given in Tables XXIV and XXV. 

It is apparent from equation 171 that a series of constants can be 
derived for various ratings and speeds which can be used to calculate 
the stator diameter and length. The length, l UJ in equation 171 is the 
length of the stator core minus the ventilating ducts. It is generally 
convenient to calculate the total stator length instead of the length of 
the air gap section. The diameter used in the output equation 171 is the 
inside diameter or gap bore of the stator. It is usually desirable to be 
able to determine the outside diameter of the stator, which is the inside 
frame diameter, from the output equation in order to select the standard 
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TABLE XXIV 

Operating Characteristics of 3-Phase, 60-Cycle, Constant-Speed 
Horizontal Squirrel-Cage Motors 


Hp. 

Speed, 

Il.p.in. 

Eff., 

Full- 

Load 

PF, 

Full- 

Load 

Current in Amperes, 
220 Volts 

Torque in Pounds at 1-Ft. Radius 

Syn. 

Full- 

Load 

Full- 

Load 

Locked 

Kotor 

Full-Load 
at Full- 
Load Speed 
(Approxi- 
mate) 

Starting 
(With Full 
Voltage) 
Per Cent 
Full-Load 

Maximum 
Running 
Per Cent 
Full-Load 


1200 

1120 

73 

65 

2.07 

11.0 

2.38 

150 

250 


000 

840 

08 

03 

2.29 

12 

3 . 13 

150 

250 


1800 

1735 

78 

78 

2.41 

15.0 

2.27 

175 

275 


1200 

1140 

77 

72 

2 05 

15.0 

3.46 

175 

275 


000 

850 

73 

04 

3 . 1 3 

15 

4.04 

150 

250 

I 

1800 

1720 

78 5 

79 

3.10 

24 

3.00 

175 

300 


1200 

1 145 

78.5 

74 

3.38 

24 

4.58 

175 

275 


000 

855 ^ 

74 5 

08 

4.1 

24 

6.15 

150 

250 

H 

3000 

3475 

79 

81 

4.00 

35 

2.27 

175 

275 


1800 

1730 

82 

81 

4.43 

35 

4.55 

175 

275 


1200 

1140 

79.5 

75 

4.94 

35 

0.90 

175 

275 


000 

800 

79 

08 

5.48 

35 

9.16 

150 

250 

2 

3000 

3190 

81 

81 .5 

5 . 95 

45 

3.01 

175 

250 


1800 

1735 

82 

82 

5.84 

45 

6.06 

175 

250 


1200 

1110 

81 

70 

0.30 

45 

9.22 

175 

250 


000 

800 

82 

! 09 

6.94 

45 

12.2 

150 

225 

3 

3000 

3150 

82 

85 

8.45 

00 

4 . 55 

175 

250 


1800 

1725 

82 

85 

8.45 

00 

9.14 

175 

250 


1200 

1 145 

82 5 

78 

9.14 

00 

13.8 

175 

250 


000 

800 

83 

72 

9 85 

00 

18.3 

150 

225 

5 

3000 

3400 

83 

83 

14 .2 

90 

7.6 

150 

225 


1800 

1735 

84 

85 

13.7 

90 

15.2 

185 

225 


1200 

1 1 50 

84 

82 

14.2 

90 

22.9 

160 

225 


000 

805 

84 . 5 

72 

10.1 

90 

30.4 

130 

225 

7 2 

3000 

35(H) 

85 5 

87 

19 8 

120 

11 .3 

150 

215 


1800 

1735 

85 

80.5 

20.1 

120 

22.7 

175 

215 


1200 

1100 

85 

82 

21 .2 

120 

33.9 

150 

215 


000 

805 

85 

75 

22.8 

120 

45.5 

125 

215 

10 

3000 

3480 

86 

89 

25.0 

150 

15 

150 

200 


1800 

1740 

80 

86 

20 . 4 

150 

30.2 

175 

200 


1200 

1100 

85 5 

83 

27.0 

150 

45.3 

150 

200 


000 

875 

80 

73 

29.0 

150 

00.4 

125 

200 

15 

3000 

3480 

88 

89 

37.0 

220 

22.5 

150 

200 


1800 

1745 

87 

80 

39.2 

220 

45.1 

165 

200 


1200 

1170 

87 

85 

39.6 

220 

67.3 

140 

200 


900 

875 

87 

78 

43.4 

220 

90.4 

125 

200 

20 

3000 

3190 

88.0 

90 

49.5 

290 

30.1 

150 

200 


1800 

1700 

8"> 

87 

51.0 

290 

59.8 

150 

200 


1200 

1170 

88.0 

80 

52.0 

290 

89.7 

135 

200 


000 

875 

88.0 

80 

55.8 

290 

121.0 

125 

200 


720 

700 

88.0 

73 

61.0 

290 

150.0 

120 

200 


GOO 

580 

80.0 

70 

65.0 

290 

181.0 

115 

200 

25 

3000 

3540 

88 

89 

62.0 

305 

37 

150 

200 


1800 

1760 

89.5 

87.5 

62.6 

365 

74.5 

150 

200 

— ■ 

— 

— 
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TABLE XXIV — Continued 


Hp. 

Speed, 

R.p.m. 


PF, 

Full- 

Load 

Current in Amperes, 
220 Volts 

Torque in 

Pounds at 1-Ft. Radius 

Syn. 

Full- 

Load 

Eff., 

Full- 

Load 

Full- 

Load 

Looked 

Rotor 

Full-Load 
at Full- 
Load Speed 
(Approxi- 
mate) 

Starting 
(Witli Full 
Voltage) 
Per Cent 
Full-Load 

Maximum 
Running 
Per Cent 
Full- Load 

25 

1200 

1170 

89.0 

87 

63.0 

365 

111 

135 

200 


900 

875 

88.5 

82 

67.8 

365 

150 

125 

200 


720 

700 

88.5 

76 

73.0 

365 

188 

120 

200 


600 

580 

89 

70 

79.2 

365 

226 

115 

200 

30 

1800 

1760 

90.0 

88 

74.2 

435 

89 2 

150 

200 


1200 

1170 

89.5 

88 

74.6 

435 

134 

135 

200 


900 

875 

89.0 

83 

79.6 

435 

180 

125 

200 


720 

700 

89 

78 

84.5 

435 

225 

120 

200 


600 

580 

88 

7(5 

88 

435 

271 

115 

200 

40 

1800 

1765 

90 

88.5 

98.6 

580 

119 

150 

200 


1200 

1175 

89.5 

88 

99 . 6 

580 

178 

135 

200 


900 

875 

89 . 5 

84 

104 

580 

210 

125 

200 


720 

700 

89.5 

82 

10(5.8 

580 

300 

120 

200 


600 

580 

89 

76 

1 12.8 

580 

362 

115 

200 

50 

1800 

1765 

90.5 

89 

120 

725 

148 

150 

200 


1200 

1175 

90.0 

88 

123 

725 

223 

135 

200 


900 

875 

90.0 

8(5 

127 

725 

300 

125 

200 


720 

700 

90 

84 

129.5 

725 

375 

120 

200 


600 

580 

88.0 

77 

145 

725 

453 

115 

200 

60 

1800 

1770 

90.5 

89 

146 

870 

178 

150 

200 


1200 

1175 

91 

88 

147 

870 

268 

135 

200 


900 

875 

90.5 

88 

148 

870 

360 

125 

200 


720 

700 

88.5 

81 

164 

870 

450 

120 

200 


600 

580 

88.5 

77 

173 

870 

543 

115 

200 

75 

1800 

1770 

91 .0 

89 

182 

1085 

222 

150 

200 


1200 

1175 

92.0 

88 

182 

1085 

335 

135 

200 


900 

875 

90.0 

86 

190 

1085 

450 

125 

200 


720 

700 

89.0 

82 

201 

1085 

563 

120 

200 


600 

580 

89.0 

80 

207 

1085 

679 

115 

200 

100 

1800 

1770 

91 .5 

89 

241 

1450 

297 

125 

200 


1200 

1180 

91.5 

86 

249 

1450 

445 

125 

200 


900 

875 

90.5 

86 

252 

1450 

600 

125 

200 


720 

700 

90.0 

83 

259 

1450 

750 

120 

200 


600 

580 

89.5 

81 

271 

1450 

905 

115 

200 

125 

1800 

1770 

92 

89 

300 

1810 

370 

110 

200 


1200 

1180 

92.0 

87 

306 

1815 

556 

125 

200 


900 

875 

90.5 

87 

311 

1815 

748 

125 

200 


720 

700 

90.5 

86 

314 

1815 

938 

120 

200 


600 

580 

90.0 

82 

333 

1815 

1131 

115 

200 

150 

1800 

1770 

92 

90 

356 

2170 

445 

110 

200 


1200 

1180 

92 

88 

363 

2170 

668 

125 

200 


900 

875 

91.0 

88 

367 

2170 

900 

125 

200 


720 

700 

90.5 

86 

376 

2170 

1126 

120 

200 


600 

580 

90 

83 

386 

2170 

1360 

115 

200 

200 

1800 

1770 

92.5 

90 

470 

2900 

593 

100 

200 


1200 

1180 

92.0 

88 

484 

2900 

890 

125 

200 


900 

875 

91.5 

88.0 

487 

2900 

1200 

125 

200 


720 

700 

91 

87 

491 

2900 

1500 

120 

200 


600 

580 

91.5 

85 

500 

2900 

1800 

115 

200 



EFFICIENCY AND POWER FACTOR 
TABLE XXV 

Operating Characteristics of 3-Phase, 60-Cycle, Constant-Speed 
Horizontal Wound Rotor Motors 


Speed, R.p.m. 


Full-Load Current Torque in Pound 
in Amperes, 220 Volts at 1-Ft. Radius 


Full-Load 

at 

Rotor Full-Load Maximum 
per Lead Speed Running 
(Approxi- 
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TABLE XXV — Contimmi 

Operating Characteristics of 3-Piiase, 00-Cycle, Constant-Speed 
Horizontal Wound Rotor Motors 


Hp. 

Speed, 

R.p.m. 

Kff. 

Full- 

Load 

PF, 

Full- 

Loud 

Full- Load Current 
in Amperes, 220 Volts 

Torque in Pound 
at 1-Ft. Radius 

Byn. 

Full- 

Loud 

Stator 

Rotor 
pet Lead 

Full-Loud 

at 

Full-Loud 
Speed 
( \ppro\i- 
mate) 

Maximum 

Running 

60 

9')0 

870 

88.5 

83 

160 

150 

361 

950 


720 

690 

87 

82 

165 

150 

457 

1000 


600 

575 

87 

76 

171 

111 

547 

1200 

75 

1800 

1755 

90 

89 

183 

145 

225 

560 


1200 

1 165 

90 

87 

188 

178 

338 

900 


900 

870 

89 

85 

193 

145 

453 

1200 


720 

695 

88.5 

80 

200 

116 

567 

1350 


600 

00 

o 

88 

77 

215 

150 

680 

1500 

100 

1800 

1760 

90 5 

90 

211 

112 

298 

750 


1200 

1 165 

90 5 

88 

246 

192 

451 

1050 


900 

870 

90 0 

85 

256 

150 

603 

1500 


720 

695 

88 5 

83 

26") 

207 

755 

1520 


600 

580 

89.0 

73 

314 

164 

905 

2000 

125 

1800 

1760 

90 5 

90 

301 

131 

372 

1100 


1200 

1 170 

91.0 

88 

306 

200 

561 

1300 


900 

875 

90 0 

86 

316 

210 

750 

1700 


720 

695 

89 0 

84 

325 

228 

945 

1900 


600 

580 

89 . 5 

79 

350 

170 

1130 

2400 

150 

1800 

1760 

90.5 

90 

360 

131 

448 

1200 


1200 

1 170 

91 .0 

88 

367 

152 

673 

1500 


900 

875 

90.5 

87 

373 

217 

900 

2000 


720 

695 

90.0 

84 

387 

220 

1131 

2280 


600 

580 

89.5 

80 

400 

225 

1350 

3000 

200 

1800 

1760 

90.5 

90 

180 

175 

597 

1300 


1200 

1 170 

91.5 

88 

484 

173 

897 

2000 


900 

875 

91 

88 

490 

237 

120) 

2500 


600 

580 

90.5 

87 

500 

240 

1795 

4200 


frame a given motor rating is suited for. 
equation is written 

Dp-In _ 

hp. 


For this purpose the output 
(172) 


The output constants given in Fig. 182 fit average present-day design 
practice and are for 00-cycle, constant-speed, squirrel-cage motors for 
voltages up to 600 volts. For 2200-volt motors and for wound-rotor 
induction motors the output constants of Fig. 182 must be increased 
approximately 5 per cent. The dimensions of the motor 1 can also be 

1 See also “ Output of Induction Motor Depends on Total Active Matorial l ,, by 
P. H. Trickey, Product Engineering, Dec., 1946, p. 114. 
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determined by plotting the product of D 0 2 l instead of the output constant 
C against hp./r.p.m. The data for such a curve can be taken from 
Fig. 182. 



Fig. 182a. -Output constants for 60-cycle polyphase 1 induction motors up to 600 
volts with partly closed stator slots. 



Fig. 1826. —Output constants for 60-cycle polyphase induction motors up to 600 
volts with open stator slots. 


Diameter and Length. — With the product of D a 2 l known, the di- 
ameter and longlh must be so proportioned that satisfactory operating 
characteristics can be obtained with minimum cost. The gap diameter 
or inside diameter is found with the help of the table, which gives the 
ratio, r, outside diameter to inside diameter of stator for various numbers 
of poles. 

The operating characteristics of induction motors vary with the 
ratio of the length of the stator core to the pole pitch at the gap circum- 
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ference. For best power factor l/r should be equal to from 1.0 to 1.25, 
and for best efficiency, about 1.5. For minimum cost 1/t should be 
equal to 1 .5 to 2.0. The power factor of induction motors varies with 
the pole pitch; that is, a motor with large pole pitch and small number 
of poles will have a higher power factor than a motor with small pole 


Poles 

D 0 

T D 

Poles 

-4 

II 

tIP 

Poles 

D„ 
r "" D 

Poles 

-4 

II 

tIP 

2 

1 .85 to 1 05 

6 

1 35 to 1 43 

10 

1 23 (o 1 27 

14 

1 20 

4 

1 15 to 1 55 

8 

1 28 to] 33 

12 

1 22 

Hi 

1 18 


pilch. For motors with large pole pitch the diameter and length are 
selected to give minimum cost, and for motors with small pole pitch the 
diameter and length are proportioned to give good power factor at 
reasonable cost. A value of 1/t equal to 1.0 can not always be used for 
small motors, below approximately 15 hp., because the resulting small 
diameter w ill necessitate too small a number of stator slots. In general, 
the ratio of stator core length to pole pitch 


The pole pitch 

and 


- = 0 ()0 to 2 0. 

T 


T = 


7 rl) 

3 

V 


I = — (0 60 to 2 0). 
V 


The output constants, Fig. 182, are for the outside diameter of the 
armature D 0 . Usual values of r, the ratio of stator outside diameter to 
inside diameter, are given in the table. The core length in terms of the 
outside diameter 

ttD 

l = — (0 00 to 2 0) in. 

r X v 


Substituting into the output equation, 


D 0 = 


< 3 t 


j)C hp. r 


(0.60 to 2.0 )n 


m. 


C. hp . 

I = TTT m - 

D/n 


(173) 


( 174 ) 
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The outside diameter of the stator can also be found, when the 
product of Do 2 l is known, by use of the equation 

D„ 4 = — 2 5 X 10° in. 
n 

The safe peripheral speed may be the determining factor in the choice 
of the dimensions. Standard constructions can generally be used for 
peripheral speeds up to 12,000 ft. per min. Peripheral speeds of 15,000 
ft. per min. are possible with special rotor construction and increased 
cost. 

Windings. — The windings used for the stator or field of induction 
motors are the same as the armature windings of synchronous machines. 
The method of laying out these w indings has been explained in Chapter 
XI. Concentric-coil windings are generally used for the stators of 
single-phase 2 motors. Sometimes concentric-coil windings 3 are used 
for polyphase motors, but they have been replaced by the double- 
layer winding by most manufacturers because of the saving in cost of 
manufacture. 

General-purpose induction motors are built for both 2-phasc and 
3-phase and for a variety of voltages. To keep the cost of manufacture 
as low' as possible, the number of stator slots should be so chosen for 
each frame that the maximum number of combinations of poles, phases, 
and voltages is possible. For integral number of slots per pole per 
phase, the slots per pole will be an integer, and the total number of 
slots will be satisfactory for both 2-phase and 3-phase when the number 
of slots per pole is a multiple of both 2 and 3. Standard induction 
motors are generally designed w ith stator windings for 220 or 1 10 volts. 
This can be done by using a 1 -circuit w iriding for 440 volts and a 2-circuit 
winding for 220 volts, or, if a 2-circuit winding is required for 440 volts, 
then a 4-circuit winding must be used for 220 volts. 

Fractional slot windings may be used also for induction motors. 
For these windings, the denominator of the fraction must not be a 
multiple of the number of phases for which the winding is intended. 
For example: A winding with 2\ slots per pole per phase is satisfactory 
for a 3-phase winding but not for a 2-phase winding. Similarly 2\ slots 
per pole per phase is satisfactory for 2-phase but not for 3-phase. The 
use of 3y slots per pole per phase, however, is satisfactory for both 

2 “ Winding and Connecting of Small Single Phase Motors,” by C. A. M. Weber, 
Electric Journal, Vol. 21, Aug., 1924, p. 377. 

3 “The Automatic-Start Polyphase Induction Motor,” and discussion by 
J. L. Hamilton, A.I.E.E. Journal, Vol. 41, Oct., 1922, pp. 772-795; “ Connecting 

Induction Motors,” by A. M. Dudley, pp. 37-40, McGraw-Hill Book Co., New York. 
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2-phase and 3-phase. The number of parallel circuits is very much 
limited with fractional slot windings because these windings do not 
repeat every pole as the windings with integral slots per pole and phase 
do. For these reasons, standard induction motors are generally designed 
with the number of stator slots equal to a multiple of the number of 
poles, times the number of phases. 

Chorded windings are also used for induction motors. The advan- 
tages of chording discussed in Chapter XI apply also to induction motors. 
A complete discussion of the advantages of fractional pitch windings for 
induction motors has been given by I). F. Alexander. 4 

Number and Size of Slots.— The number of conductors per slot 
must be an even integer for double-layer windings, because one-half 
of the conductors per slot belong to the coil side in the top of the slot 
and the other half to the coil side in the bottom of the slot. The 
number of conductors in series per phase can be determined by formula 
170, 

_ _ E r 0 07 X 00 X 10 s 
N = — 

p( u 

The flux density in the air gap may generally be taken equal to 35,000 
lines per sq. in. for the preliminary calculations. Then the total flux 

<tn = 7 rDlyBg lines. 

The flux per pole for polyphase induction motors can be determined 
from the following relationship: 



The limits for C i are given below . 



Poles 

2 

4 

G 

8 

10 

12 

14 

10 

c, 

Maximum 

3 7 

2 15 

2 10 

1 90 

1 80 

1 70 

1 05 

1 GO 


Minimum 

2 55 

1 95 

1 70 

1 55 

1 15 

1 40 

1 33 

1 30 


The effective conductors in series per phase 


Nk pic (i 


E r X 0 07 X 10 8 
2 22 X/0 


4 “ Fractional Pitch Windings for Induction Motors,” Electric Journal, Vol. 
25, Feb., 1928, p. 77. 
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The total stator conductors = Nam. 

The number of stator slots must, therefore, be selected to meet the 
requirements of the number of poles and phases with an even number 
of conductors per slot of such value that a satisfactory air gap density 
can be obtained with chord factor between the limits 0.707 and 1.0. 
It is generally not desirable to chord induction motor windings more 
than \ of pitch. For two-pole motors, however, a chord factor as low 
as 0.707 may be necessary. 

For motors with open stator slots, the slot openings have an appre- 
ciable effect on the air gap reluctance. The stator and rotor slots should 
be so proportioned that the minimum variations in air gap reluctance 
will result when the rotor slots move by the stator slots. The effect of 
variations in air gap reluctance is to produce pulsations in the air gap 
flux, which produce additional core losses and noise. These effects of 
the stator slots can generally be kept small by using a large number of 
narrow slots. The larger the number of slots for a given diameter, the 
smaller will be the tooth pitch. The minimum tooth pitch 

7 tD 

tn = -jr- 

The width of the stator slots is generally one-half or slightly less than 
one-half of the tooth pitch on the gap circumference. If the tooth 
pitch is small, the width of the 
tooth is also small, and difficulties 
in construction often arise; that is, 
it becomes difficult to support the 
stator teeth at the ventilating ducts 
and at the ends of the stator core 
without obstructing the ventilation. 

Figure 183 show’s apart of a stator 
lamination with ventilating duct 
spacers and minimum tooth pitch 
equal to 0.40G in. The cost of 
manufacture is also higher for mo- 
tors with a large number of slots, 
because there are more coils to 
wind, insulate, and place into the slots. In general the number of 
stator slots should be selected to give an integral number of slots per 
pole per phase and a tooth pitch at the air gap circumference for open- 
type slots between the limits 0.G0 and 1.0. For partly closed slots the 
tooth pitch may be less than O.GO in. For such slots the tooth usually 
has parallel sides and the slot depth is less than for open-type slots. 
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The current per phase in the stator winding, 

hp. X 74G 

~ Em e X eff. xPF' 
The section area of the stator conductor, 

I 

Ss = —r- 
aA 8 


( 175 ) 


(176) 


The copper losses in any winding vary directly with A 2 . The tempera- 
ture rise depends upon the losses for a given type of construction. The 
stator current density must be so chosen that a satisfactory efficiency 
can be obtained without excessive temperature rise. For the stator 
windings of standard induction motors with open-type frame construc- 
tion as shown in Fig. 170, current densities from 2000 to 3400 amperes 
per sq. in. are satisfactory. The lower value is used for slow-speed 
motors, and the larger one is for the higher ratings at high speed. 

The conductors per slot must be arranged in the slots to occupy the 
minimum amount of space, with the proper insulation between turns 
and between core and coils. Open-type stator slots are generally used 
for induction motors larger than approximately 25 hp., and the con- 
ductors are generally d.c.e. square wire or d.c.c. copper ribbon. For 
all polyphase motors, the windings are designed to have more than one 
turn per coil and the turns should, whenever possible, 
be so arranged that there is only one turn per layer, 
as shown in Fig. 129 A and B. Large conductor sections 
are built up of two or more small wires in parallel, to 
prevent excessive eddy-current losses 5 (see Fig. 129#). 
For windings requiring many turns per coil, it is not 
always possible to use only one turn per layer; for such 
cases the coils should be wound as shown in Fig. 131 A 
and B. For small motors, less than approximately 25 hp., partially 
closed stator slots are as a rule required because of the adverse effects 
of open slots. The slot opening is then generally £ in., as shown in 
Fig. 184, and the shape of the slots is as shown in Fig. 175. For this 
type of slot, the coils are random-wound round d.c.c. wire or with 
heavy Formex or Formvar insulated wire. When the diameter of wire 
required is larger than \ in., two or more smaller wires in parallel 
can be used. 

The size of the stator slot depends upon the number of conductors 
per slot, the size of conductor, and the insulation thickness required. 
The insulation on the conductors is either double cotton, Formvar, or 

* See references, page 208 . 


i r°'f 5 ' 


2 
1 n 


Flo. 184. 
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for class B insulation double fiber glass. The insulation between core 
and coils is varnished cambric, cotton tape, insulating varnish, and 
paper for class A insulation, and mica, fiber glass cloth, and tape for 
class B insulation. The method of determining the insulation clearances 
for open slots is the same as for synchronous machines and is shown in 
Fig. 132. Table XXVI gives the insulation clearances required for 
width and depth of slot for induction-motor stator windings for various 
voltages. 

TABLE XXVI 

Clearance Allowance for Slot Insulation for Stator Windings op 
Induction Motors with Open and Partly Closed Slots 







Slot Depth 

Slot Width 

Volts 


s 

2b 

Gap Diameter, 

Inches 

Gap Diameter, 

Inches 






15 and 

15 to 

40 and 

15 and 

15 to 

40 and 






Less 

40 

over 

less 

40 

over 

0 

300 

0 

.08 

1.00 

0.24 

0.25 

0.31 

0.060 

0.065 

0.080 

300 

600 

0 

10 

1.50 

0.25 

0.29 

0.34 

0.075 

0.085 

0.095 

600 

1500 

0 

12 

1.75 


0.31 

0 37 


0.095 

0 110 

1500 

3000 

0 . 

14 

2.00 


0.36 

0.45 


0.120 

0.150 


In this table the allowances for width and depth for gap diameters 15 in. and less 
are for partly closed slots. The allowance for the wedge for open slots for gap diam- 
eters 15 to 40 in. is 0.15; for 40 in. and larger it is 0.18 in. The end connection 
clearance, s, is very small for partly closed slots and may be taken equal to zero. 

For open-type slots the insulation is wrapped on the coil with a 
0.01()-in. paper slot lining to protect the coil while it is placed into the 
slot. The coils are carefully layer wound, and the slot width is found 
by multiplying the insulated conductor dimension in the width of the 
slot by the number of conductors wide and adding the insulation clear- 
ance from Table XXVI. Similarly the depth of the slot is the insulated 
dimension of the conductor in the depth multiplied by the number of 
conductors deep plus the insulation clearance from Table XXVI. The 
width of the stator slot is generally approximately 50 per cent of the 
minimum stator tooth pitch and should seldom if ever exceed 60 per 
cent of the minimum tooth pitch. To avoid a high leakage reactance 
and consequent poor operating characteristics, the stator slot should 
generally not be deeper than 6 times the slot width. 

For partly closed slots, the insulation is placed in the slot instead 
of around the coil, because the narrow slot opening makes it necessary 
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to place the conductors into the slot one by one. Partly closed slots 
are used for induction motors with gap diameter 15 in. and less and for 
voltages 600 volts and below. The slot opening, w 8 i , Fig. 185, is 0.10 

in. for gap diameters 8.0 in. and less 
and 0.125 in. for gap diameters 8.0 
to 15.0 in. The total flux, total 
number of conductors, and number 
of slots are determined as explained 
above, and the tooth width is found 
by equation 177. For partly closed 
slots the tooth usually has parallel 
sides, and 



W “ ~ B t ,(l - njoJkiS.' 

The dimensions dj and d 4 , Fig. 185, 
are usually 0.03 in. for small gap 
diameters to 0.00 in. for the larger 
gap diameters. The ratio of the in- 
sulated copper area in the slot to the 
net slot space available for winding 
is called the space factor or fill 
factor. The insulated copper area 
per slot is the insulated diameter of 
the conductor squared times the 
number of conductors per slot. For 
heavy Formvar insulated wire the space factor should not be larger 
than 0.85, and for quantity production not over 0.70 to 0.75. The net 
slot area for round bottom slots (see Fig. 185) 

/w 8 2 + w a z . Vj • , ^ ( n 

SA -y 2 tw )\ td + 2 ) + 2 \ R 2 / Sq ’ in- ’ 

and for flat bottom slots the net slot area 

SA = ( i w ){ds - id) sq. in. 

Here i w and id are the insulation and clearance allowances for the width 
and depth of slot respectively from Table XXVI. From the copper area 
per slot and the space factor the required slot area can be determined 
and the slot width w 8 2 can be calculated as soon as the tooth width is 
determined. The slot dimensions to give the desired slot area can be 
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determined as shown below (see Fig. 185). 


180 _ w,o 

S. 2 sin 0 ’ 


W, 2 

K = — - t w , 


(X ^ | d^j 5 

/ i„\ 

2\2j 


K u 

— (- a — ir — 

sm 6 2 

1 + 2 s ' n ® 


Xa - &1 + ■ 


c = 


Y = 


-b + ( b 2 - 4c) 




sin 8 ^1 + ^ sin 0^ 

R — Y sin 6 , d — Y — X d± c/3, d& — d R . 


For flat bottom slots the 7r terms drop out and d = d 8 . 

Stator Tooth and Yoke Densities.— For a given total flux, the dimen- 
sions of the slots determine the tooth density. For high tooth densities, 
the losses in the teeth are high, and a large number of ampere-turns 
are required to send the flux through the teeth. The maximum value 
of the stator tooth density for the minimum section 


Bui 


<h 

— ridWd)kuS 8 


The width of the tooth for the minimum section 


(177) 


w t si = tn - w 88 . (178) 

The maximum value of the stator tooth density for the minimum 
section should generally not exceed 

Bui = 100,000 lines per sq. in. for 60 cycles, 

B t8 1 = 110,000 lines per sq. in. for 25 cycles. 

The depth of the stator laminations below the slots depends upon 
the flux density in the yoke. The iron losses in the yoke and the 
ampere-turns required to send the flux through the yoke determine the 
density. The flux density should not exceed 

By 8 = 95,000 lines per sq. in. for 60 cycles, 

By 8 = 1 10,000 lines per sq. in. for 25 cycles. 

Generally B ys is equal to 50,000 to 85,000 lines per sq. in. for 60 cycles 
and 60,000 to 100,000 lines per sq. in. for 25 cycles. 
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The flux per pole 


0 = 




The depth of the iron below the slots for both sides of the diameter 

<t> 


dus — 




The outside diameter of the stator laminations 
Do = D + 2 d 88 + d y8 . 


(179) 


(180) 


Sample Design: Design of Stator for a 15-//p., 3 -Phase, 00 -Cycle, 
12Q0-R.p.m., 220 -Volt, Squirrel-Cage General-Purpose Motor. — The full- 
load efficiency and power factor are to be not less than 87.0 per cent 
and 85.0 per cent, respectively. The motor must have a starting 
torque not less than 135 per cent of full-load torque for normal voltage 
and a maximum running torque not less than 200 per cent of full-load 
torque. The temperature rise of no part of the motor should exceed 
40° G. for continuous full-load operation. 

The number of poles 

_ /_X 2 X 00 _ GO X 2 X 00 _ ^ 


hp. 15 

— X 10 3 = — — 
n 1200 


< 1200 
X 10 3 = 12.5. 


From the curve in Fig. 1 82a, the output constant 
C = 0 10 X 10*. 

For the ratio 1/t = 0.90 and r = 1 30 


= J C hp. pr J jTjjT 

0 V Il.p.m. X ir X 0 9 \ 


X 10 4 X 15 X 6 X 1.3G 


1200 X ir X 0 9 


= 13.02: use 13 0 in. 

i,° h p. 


G 1(> X 10 4 X 15 
D,fn 13 0 2 X 1200 

= 4.56; use 4 5 in. 

13 

The gap diameter D = = 9.56; use 9.5 in. 
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The following dimensions are selected: 

D = 9.5 in., Z = 4.5 in., t = 4.97 in., 1/t = 0 . 905 . 

For the diameter and length selected, it will not be necessary to use 
radial ventilating ducts in the stator core. The length of the air gap 
section will then equal the total length of the stator core 

l g = l = 4.5 in. 


For Ci = 1.70 the flux per pole 
0 = 1.70 X 10 3 


\ GO 


658 kilo-lines. 


If the star-connected winding is chosen, the phase voltage 


The product 
Nlc p k d = 


Et = = 127 volts. 

I . I o 

E t X 0 97 X 10 s 127 X 0.97 X 10 8 

2.22 X / X 0 “ 2 22 X 60 X 658 X 10 3 


141. 


It will be desirable to use two parallel circuits per phase; the wind- 
ing can then be reconnected to one circuit per phase for 440 volts. 
With 3 slots per pole per phase, the total number of slots 

S, = 3X3X6 = 54; 

and the minimum tooth pitch 


t\ 8 


7 rT) 


7 r x 9.5 
54 


0.552 in. 


The winding distribution factor 


kd 


sin 30° 
3 sin 10° 


0.96, 


and the pitch factor for a coil throw, slot 1 and 9, 
k p = sin Q X 90^ = 0.985. 

The number of conductors per slot 

= 1^1 X 2 X 3 = 

0.96 X 0.985 X 54 

This must be an even integer, so 18 conductors per slot are used. 
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The conductors in series per phase 


and the flux per pole is 


N = 


18 X 54 
2X3 


162, 


E t X 0.97 X 10 8 127 X 0.97 X 10 8 

2.22 XfNk p k d 2.22 X 60 X 162 X 0.96 X 0.985 


= 604 kilo-lines. 


The final value of the air gap density 

= _$t_ = 604 X 1Q ; ^ X 6 

0 irDlg 7r X 9.5 X4.5 X 0.637 

= 42.3 kilo-lines. 


The stator current per phase 

hp. 746 15 X 746 

~ Em„ X eff. X PF ” 127 X 3 X 0.87 X 0.85 


39.7 amperes. 


For a current density of 3000 amperes per sq. in., 


I _ 39 7 

aA 8 ~~ 2 X 3000 


0.00662 sq. in. 


Two No. 14 round heavy Formvar insulated wires in parallel will 
be used. The insulated diameter is 0.0678 in., and the area = 0.00322 
sq. in. The current density for this conductor 

4 39 . 7 

A ‘ ~ 2 X 2 X 0.00322 " 3080 “'P'™ P<,r *'• in ' 


The shape of the slot selected for this design is shown in Fig. 185, and 
dz = c ?4 = 0.03 in. The width of the stator tooth is made 0.26 in., 
and the tooth density 


Bu 


604 X 6 

0.637 X 54 X 0.26 X 4.5 X 0.93 


97.0 kilo-lines per sq. in. 


The slot width 


?r(9.5 + 2 X 0.06) „ 

Ws 2 = — - 0.26 = 0.30 in. 

54 


The insulation allowances for the width and depth of the slot from 
Table XXVI are i w = 0.075 in. and u = 0.25 in. The slot area for a 



SAMPLE DESIGN 


315 


space factor of 0.80 


2 X 18 X 0.0G78 2 
= 0~80 = 0 207 sq ' in ‘ 


The slot dimensions can now ho calculated. 


180 „ 00 „ 0.30 
0 = — = 3.33; X = — — - 
54 2 sm 3 . 33 


= 2.58; K = ^ - 0.075 


= 0.075. 

a = 0.03 - 2.58 - 0.25 + 0.03 = -2.77. 

0.075 „ _ 0.075 

2 77 

, sin 3.33 2 -1.598 

b = r— _ — = = -1.4G. 


1 + t/2 sin 3.33° 
0.075 X -2.77 - 0.207 + 


c = 


IT /0 
2 \ 


1.092 
075\ 2 


sin 3.33 ^1 + ~ sin 3.33^ 


= -6.51. 


„ 1.48 + (-1.40 2 - 4 X -6.51)* . 

y = — = 3.39 in. 


R = 3.39 X sin 3.33° = 0.197 in. 


d = 3.39 - 2.58 + 0.03 + 0.03 = 0.87 in. 
d, = 0.87 + 0.197 = 1.067 in. 


W, 3 = 


t(9.5 + 2 X 0.87) 
51 


0.20 = 0.395 in. 


The effective radial depth of the stator yoke for round-bottom slots 
is equal to the radial depth of yoke below the slots plus one-third the 
radius of the bottom of the slot. 

4 

d y , = 13.0 - 9.5 - 2 X 0.87 - - X 0.197 = 1.497 in. 

O 

The flux density in the stator yoke 
„ 604 

B " 4.5 X 0.93 X1.497 “ 96 5 kil< " lines •>" 
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Air Gap Length. — The ampere-turns required to send the flux 
through the air gap are directly proportional to the density and the 
length of the gap. Even with low air gap densities and short air gap 
lengths, the gap ampere-turns are larger than the ampere-turns for the 
remainder of the magnetic circuit. The air gap density and length, 
therefore, determine the magnetizing current. To obtain good operat- 
ing characteristics, the magnetizing current should be as small as 
possible and the length of the air gap should be as small as mechanical 
construction will permit. The approximate minimum air gap length 
can be determined by the following empirical formula, 


The rotor diameter 


5 = 0.125 - 


10.17 
1) + 90* 


D r = D - 25. 


( 181 ) 


Rotor Windings. — Squirrel-cage windings are built up of bar con- 
ductors short-circuited at each end by end-rings. The bars are either 
round or rectangular in shape and are of either copper, brass, or alumi- 
num. The end-ring is generally of the same material as that used for 
the bars and may have any convenient shape. Various methods 1 
have been used to join the end-ring to the bars. Because of the large 
temperature changes from no-load to full-load, the best possible con- 
nection between bars and end-ring is necessary to avoid high contact 
resistance at the joints. The cast squirrel-cage winding, shown in 
Fig. 180, is very desirable in this respect, because there are no joints. 
For large motors the end-ring is generally brazed or welded to the bars, 
and the methods of construction shown in Fig. 186 are generally used. 

For wound-rotor motors, 3-phase, double-layer windings are used 
on the rotor, which are modified wave windings. 2 They may be con- 

L “ Connecting Induction Motors, ” by A. M. Dudley, p. 58, McGraw-Hill Book 
Co., New York. 

* “Connecting Induction Motors, ” by A. M. Dudley, pp. 69-75, McGraw-Hill 
Book Co., New York. 
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nected star or delta and may be either full pitch or chorded. The wind- 
ings can be laid out to determine the proper coil sequence by the method 
explained in Chapter XI for armature windings of synchronous machines. 
Figure 187 shows the winding diagram for a 3-phase, 6-pole, 1 -circuit, 
star-connected, modified wave winding with 54 slots and 4 conductors 
per slot. In this figure, all the coils are shown for one phase. For 


Brazed j 


IIIIIIIIHIIIIIHIIIIIIIIlllllll 





'Brazed 



1*ig. ISO. 


the other two phases only the beginning and ending coils are shown. 
A 3-phase, 8-pole, 1 -circuit, delta-connected rotor winding with 96 
slots and two conductors per slot is shown in Fig. 188. 

Number and Size of Rotor Slots.- For squirrel-cage motors careful 
design of the rotor is necessary to avoid vibration and noise, cogging or 
locking torque, and synchronous cusps m the speed torque curve. 
Cogging or locking torque is a condition of varying torque at starting 
for different rotor positions. The cycle of high and low torque repeats 
as the rotor is moved through a rotor slot pitch. Synchronous cusps 
are points on the speed-torque curve where the motor locks into step 
at low speed and runs as a synchronous motor over a wide range of 
torque values. The minimum point on the torque curve may be so 
low that the rotor cannot come up to full speed even at no-load. These 
undesirable characteristics are largely due to the harmonics in the air 
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gap flux wave. 3 Since the stator and rotor slots produce harmonics in 
the air gap flux wave it is important that the proper number of rotor 
slots be chosen in relation to the number of stator slots to avoid these 



Fig. 187. — Rotor winding diagram — 3-phase, 6 poles, 51 slots, 1 conductors per slot, 

1 -circuit star. 


undesirable characteristics. The number of rotor slots must never be 
equal to the number of stator slots but must be either larger or smaller. 
Satisfactory results are usually obtained when the number of rotor slots 


3 “ Synchronous Motor Effects in Induction Machines,” by JO. 10. Droese, A.I.IO.E. 
Trans., Vol. 49, July, 1930, p. L033; “Induction Motor Slot Combination,” by 
G. Kron, A.I.E.IO. Trans., Vol. 50, June, 1931, p. 757 ; “ Dead Points in Squirrel-Cage 
Motors,” by Q. Graham, A.I.IO.E. Trans., Vol. 59, 1910, p. 637; “ Harmonic Theory 
of Noise in Induction Motors,” by W. J. Morrill, A.I.IO.E. Trans., Vol. 59, 1940, 
p. 474; “ Electric Machinery,” Vol. II, by Lievsehitz-Garik and Wipple, p. 236, 
D. Van Nostrand Co., New York. 
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is from 15 to 30 per cent larger or smaller than the number of stator 
slots. It is obviously impossible to give here a complete analysis of all 
the undesirable slot combinations for squirrel-cage induction motors. 
Only a few of the slot combinations most certain to give trouble are 



Fm. 188. — Rotor winding diagram — 3-pha»so, 8 poles, 96 slots, 2 conductors per slot, 

1 -circuit delta. 


listed. The student who wishes to investigate 1 a given stator and rotor 
slot combination more fully should study the references below. 

Noise and vibration are usually reduced to a satisfactory level if the 
number of rotor slots is selected so that S s — S, is not equal to ±1, ±2, 
±(p =t 1), or db(p± 2). To avoid dead points or cogging, S 8 — S r 
must not be equal to ±3 p or any multiple of 3 p for 3-phase motors and 
±2 p or any multiple of 2 p for 2-phase machines. To avoid cusps in 
the speed-torque curve, S a — S r should not be equal to for 3-phase 
and 2-phase motors or be equal to — 2p or — 5p for 3-phase motors. 
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Dead points, noise, and cusps in the speed-torque curve can be 
reduced or even eliminated entirely by skewing either stator or rotor 
slots with proper stator coil throw. For small motors, the rotor slots 
are usually skewed, because the most desirable stator and rotor slot 
proportions are not always possible on small diameters. When di- 
agonal slots are used the skew is approximately one stator or rotor slot 
pitch, whichever is the larger. 

The rotor windings for wound-rotor motors are 3-phase windings, 
and the number of rotor slots must permit a balanced winding. Gen- 
erally, windings with an integral number of slots per pole per phase are 
used for the rotor. Fractional slot windings may also be used, but 
usually only those will be satisfactory for which the number of slots 
is a multiple of the number of phases times the number of pairs of poles. 
Wound-rotor motors are started with normal voltage applied to the 
stator winding and enough resistance in the rotor circuit to give full- 
load torque with full-load current . The main field is therefore of normal 
strength during the starting period. To avoid magnetic noises and 
excessive flux pulsations in the air gap, however, the ratio of the stator 
slots to the rotor slots should, whenever possible, lie within the limits 
given above. 

If the total rotor ampere-turns are assumed to be 10 per cent less 
than the total stator ampere-turns, the ratio of the total copper section 
of the rotor to the total stator copper section 

Srr d, 

= 0.90 — • (182) 

A r 

For squirrel-cage windings, the current density may be higher than for 
the stator winding because the mean length of turn is shorter and the 
ventilation is better. For a current density of 2500 amperes per sq. in. 
in the stator winding and 5000 amperes per sq. in. in the bars of the 
squirrel-cage winding, the ratio of the total rotor copper section to the 
total stator copper section 


aS rr 

aS fR 


2500 

0.9 

5000 


0.45. 


The total rotor copper section must be selected, in relation to the length 
of the bar and the end-ring section, so that the proper rotor resistance 
can be obtained to meet the starting torque requirements. It is gen- 
erally from 50 to 80 per cent of the total stator copper section. 

For wound-rotor windings, the length of the mean-turn is approxi- 
mately equal to the length of the mean-turn of the stator coils. Con- 
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sequently, to avoid excessive rotor copper losses, the rotor current 
density can not be made much higher than the stator current density. 
The total rotor copper section is therefore generally from 80 to 95 per 
cent of the total stator copper section. 

The distribution of the current in the bars and end-rings of a squirrel- 
cage winding 4 is shown in Fig. 189. It is apparent from Fig. 189 that 
the current in each bar divides in the end-ring, one-half returning 
through a bar a pole pitch to the right and the other half through a bar 



Fig. 189. — Section of squiri el-cage winding showing distribution of current. 


a pole pitch to the left. If the maximum value of the current in each 
bar is I m and if the current is maximum in all the bars at the same time, 
then the maximum value of the current in the end-ring 


The current is not maximum in all the bars per pole at t lie same instant, 
but varies according to the sine law; hence, the maximum value of the 
current in the end-ring 


Irn Nb 

— — x — X 

2 p 


2 
7 T 


and the effective value of the current in the end-ring 


Irn 2 v/ 

= — X - X - X 

2 p 7T 


V2 

~2~' 


4 “ Turns and Phases in Squirrel-Cage Windings,” Bulletin 5, Engineering Ex- 
periment Station, University of Minnesota, by G. F. Corcoran and H. R. Reed. 
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The effective value of the current in each bar, J& = Tin/V^, and the 
end-ring current 


0.32 hNj 
V 


(183) 


The section area of each end-ring 
0.32/,JV fc 

5 <r = . 

pA,r 

and the total bar section 

luNu 


(184) 

(185) 


By combining these two equations and simplifying, the section area 
of each end-ring in terms of the total rotor copper section 


S C r = 


0 32*S r r , A, 

" Z7r' 


(180) 


The ventilation is generally better for the end-rings than for the bars, 
and the current density can he made equal to I he current density in the 
bars or slightly higher. 

The rotor slots are always of the partially closed type as shown in 
Figs. 190 and 191. The rect angular-shaped bar and slot is generally 
preferred, because the higher reactance of the lower part of the bar 

during the starting period 
forces the current to the 
top of the bar, thereby in- 
creasing slightly the resist- 
ance of the rotor winding. 
Deep rotor slots, however, 
increase the leakage react- 
ance and lead to small tooth 
widths and high density at 
the root of the teeth. When 
deep bars are used for the 
squirrel-cage winding the rotor slot is usually from 4 to C> times as deep 
as it is wide. Motors with deep bar windings are called Class B mo- 
tors in the Test Code of the A.I.E.E. for Induction Machines and are 
defined as normal-torque, low-starting-current squirrel-cage motors. 
Squirrel-cage motors for high starting torque and low’ starting current 
are called Class C motors in the A.I.E.E. Test Code and usually have 
a double squirrel-cage winding on the rotor. The double squirrel- 



ed 


0/2V - 1 




T-’io. 191. 
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cage winding 5 may be constructed in a number of different ways. 
Basically it consists of a high-resistance winding placed near the air gap 
surface of the rotor and a low-resistance winding placed well below the 
surface. The effectiveness of the lower winding at starting will depend 
upon how deep it is placed below the rotor surface. During starting, 
the reactance of the lower winding is high and only the high-resistance 
winding near the surface is active. After the rotor has attained full 
speed, the reactance of the lower winding is small and it will carry the 
largest portion of the rotor current. 

The section area of each bar 


Sb = 



( 187 ) 


No insulation is used between the bars and rotor core. A small clear- 
ance, 0.005 to 0.015 in., depending upon whether the slots are skew T ed 
or not, must be allowed between the bar and core. 

The number of rotor conductors for a wound-rotor motor depends 
upon the voltage between slip rings when the rotor is stationary, with 
the rings open, and normal \ ullage applied to the stator winding. 
For general-purpose motors, the rotor voltage between slip rings will 
generally not exceed about 100 volts. For large motors, higher rotor 
voltages are necessary to avoid large conductor sections. The rotor 
voltage 


E r = 


A 6 7 " rA pi A ,j 7 

NkJ~ d 


hE. 


(188) 


For star-connected rotor windings, = 1.73, and for delta-connected 
rotor windings, A 2 = 1.00. 

Rectangular bar conductors are used for the rotor winding. When 
the rectangular type of slot shown in Fig. 190 is used, the coils are only 
partly formed before placing into the slots as shown in Fig. 179, 
Chapter XVI. For the type of slot shown in Fig. 191, the coils are 
insulated and formed Indore they are placed into the slots. 

The insulation thickness required depends upon the rotor voltage. 
A slot lining consisting of 0.0 10-in. horn fiber is placed into the slot, and 
the remaining insulation is placed on the coils. The single thickness 
of insulation on the coils is generally 0.025 in. for voltages up to GOO 
and 0.035 in. for voltages up to 2500. The coil insulation is built up 
of varnished cambric, cotton tape, and insulating varnish. The 

6 “ The Development of Low Starting Current Induction Motors,” by P. L. Alger, 

General Electric Review, Vol. 28, July, 1925, pp. 499-508. 
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allowance for the wedge for closing the slot is generally as shown in 
Figs. 190 and 191. 

The area of each conductor 


Sr 


S 


rr 


N r ma 


(189) 


Rotor Tooth and Yoke Densities. — The maximum density for the 
rotor teeth 


B t r2 = 

The minimum tooth width 
W tl 2 = 


<£/ 

W tr 2(l - U<lWd)klSr 

(D r - 2fh,)ir 

Vh r . 


(190) 


For constant-speed induction motors, the frequency of the flux 
reversals in the rotor are very small, per cent slip times the stator 
frequency. The core losses in the rotor iron will therefore be small 
even if the densities are high. The maximum density in the rotor teeth 
can generally be only slightly higher than the maximum stator tooth 
density, because of the ampere-turns required to send the flux through 
the teeth. 

The rotor yoke density is generally equal to or only slightly higher 
than the stator yoke density and can be calculated as explained for the 
stator yoke (see page 312). 

Sample Design: Design of Squirrel-Cage Dolor. — The length of the 
air gap 


5 = 0.125 


10 17 10.17 

= 0.125 

D + 90 110 + 90 


= 0 0228 in.; use 0.022 in. 


The rotor diameter 


D r = D- 28 = 9.5 - 0.014 = 9.450 in. 
The number of rotor slots (see page 317) 

S r = 1 .20 X 54 = 04.8; use 05. 

The total stator copper section 

Scs = Nm s as a = 102 X 3 X 2 X 0.00G44 


= 0.20 sq. in. 
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If the rotor copper section is taken equal to 75 per cent of the total 
stator copper section (see page 320), then 

S„ = 0 75 X 6.20 = 4.70 sq. in., 

and the area of each bar 
4.70 

si = —— — 0 . 0723 sq. in. 

05 


The rotor tooth pitch at the gap 



x X 9 456 
05 


0.457 in. 


To avoid a very narrow tooth width at the bottom of the slot, it is 
generally necessary to make the rotor slot width less than half of /i r . 


Copper bars, 0.141 X 0.531 in., 0.075 sq. in. in area, 
w ill be used for the squirrel-cage winding. The slot 
dimensions are (see Fig. 192): width 0.1 50 in., depth 
0.616 in. 

If the current density in the end-ring is equal to 
the current density in the bars, the end-ring section 
(see page 322) 


0 32 X 4.70 , „ or 

Sc r = X 1 = 0 25 sq. m. 



U-0/56* 


Fkj. 192. 


A copper end-ring, 0.25 X 0.875 in., or 0.219 sq. in. in area, will be 
used and will be brazed to the inside of the bars (see Fig. 186). 

The minimum rotor tooth width 

ir(Dr - 2 dsr) tt(9 456 - 2 X 0 616) „ , ^ 

Wlr2 — L1 Wsr — _ 0 156 

O r IK) 

= 0 241 in. 


The maximum density in the rotor teeth 
D 4>t 604 X 6 

JJtr *> = = 

w„>(l - n,iw,i)kiS T 0 241(4 5 - 0)0 93 X 05 X 0.037 
= 87 0 kilo-lines. 

For a flux density of 70,000 lines per sq. in. in the rotor yoke 

4> _ 604 X 10 3 

vr ~ B, ir (l - n,(Wd)k\ ~ 70,000(4 5 - 0)0 93 


= 2 06 in. 


■O.S46‘ 
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and the inside diameter of the rotor core 

D\ — Dr 2 d„ - dyr = 9.456 - 2 X 0.616 - 2.06 

= 6.164 in.; make this 6.25 in. 

Then 


dyr = 1 . 97 in. 


and 


B vr = 


604 X 10 3 


1.97(4.5 - 0)0.93 


73 . 3 kilo-lines per sq. in. 



CHAPTER XIX 


MOTOR CHARACTERISTICS 


The Magnetizing Current. — Figure 193 shows the magnetic circuit 
for a 4-pole motor. The flux set up by the stator ampere-turns passes 
through the air gap into the rotor and through the rotor teeth into the 
rotor yoke. There the flux of each pole divides, one-half returning 
through the rotor teeth, air gap, stator teeth, and yoke of each of the 
adjacent poles. 

Air Gap Ampere -Turns. — The ampere-turns per pole required on 
the stator to send the flux through the air gap 

AT, = B g 8k s k r X 0.313. (191) 


The slot openings of both stator and rotor increase the reluctance of the 
air gap. Their effect may be taken into account by assuming that the 
air gap section is reduced a given amount, thereby increasing the den- 
sity, or by assuming that the slot openings are equivalent to an increased 
length of air gap. F. W. Carter 1 derived an equation by which the 
air gap coefficient can be calculated. A similar equation is given by 
Dr. Arnold. 2 li. W. Wieseman 3 obtained air gap coefficients by 
plotting graphically the flux distribution around a tooth. His results 
check very well with those obtained by the formulas given by Dr. 
Arnold and F. W. Carter. The air gap coefficient for the stator slot 
openings, assuming a smooth rotor without slots, 


h = 


t\ » 

wt* + (fy)' 


(192) 


Similarly, the air gap coefficient for the rotor slot openings, assuming a 
smooth stator without slots, 


kr = 


hr 

u 'tr x + ( 8y) 


(193) 


1 Electrical World, Vol. 38, p. 884, 1901. 

1 “Die Wechselstromtechnik, ” by Dr. Arnold, Vol. 4, pp. 78 and 79. 

1 “Graphical Determination of Magnetic Fields,” by R. W. Wieseman, A.I.E.E. 
Journal, Vol. 46, May, 1927, p. 431. 
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The value for y in equations 192 and 193 is taken from the curve in 
Fig. 53. 

The air gap coefficient from Carter’s work for open slots 


ti(56 + w,\) 

Jc = > 

1 1(55 + Wsi) - Wsi 2 

and for partially closed slots 

= <i(4 45 + 0 75ti>si) 

h(4.46 + 0 75w s i) - w & i 2 


(192a) 


(193a) 


To calculate k H} the stator slot opening and tooth pitch at the gap are 
used in the equations 192a or 193a, and to calculate k r for the rotor, the 
rotor values are used. 

AT, = BgBkJtr X 0 313. (194) 


Ampere-Turns Stator and Rotor Yoke. — The method of calculating 
the flux density in the yoke for the stator and rotor has keen given above. 
This is the maximum value of the flux density in the yoke. For induc- 
tion motors the flux does not enter the stator and rotor yoke at a point; 
therefore, the yoke density can not be constant over the length of the 
flux path. If the air gap flux distribution curve is assumed to be a sine 
wave, then the flux density in the yoke will vary sinusoidally with 
maximum value in the interpolar space*. The ampere-turns per pole for 
the stator and rotor yoke can be calculated by the following method. 4 
For a given maximum value of sinusoidally \arying yoke density the 
ampere-turns per inch are determined for various points along the wave. 
The average value of the ampere-turns per inch is determined for this 
curve by graphical integration. By repeating such calculations for a 
number of maximum values of B in , a curve can be plotted of B, n against 
average ampere-turns per inch. Such a curve is shown in Fig 202 for 
electrical-grade sheet steel and is used for calculating ampere-turns per 
pole for stator and rotor yoke. The length of the flux path in the yokes 
may be taken equal to one-lialf the pole pitch on the mean diameter of 
the yoke. For the stator 


l 


V* 


( D -}- 2d s « H - 2^i/ , ») 7r 
2 p ’ 


(195) 


4 See, also: “ Elektrische Maschinen,” R Richter, Vol. 2, p. 69, Julius Springer, 
Berlin; “ Experiment elle Bestimmung der Magnet isierungs Kurve fui liohe In- 
ductioncn,” by K. (). Lehmann: “Arclnv fur Electrotechnik,” Vol 24, 1930, p 804; 
u Flux Distribution in the Core of a Turbo-Alternator, ” by Fechheimer, A.I.E.E. 
Journal, Vol. 39, 1920, p. 669. 
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lyr 


and for the rotor 

(fir — 2 d.r — %d y r)ir 

2p 

The ampere-turns per pole for the stator yoke 
and for the rotor yoke 

A.Tjff — S\itly r ly T . 


(196) 


Ampere-Turns Stator and Rotor Teeth — 

rotor teeth, the density varies along the 
Various methods have been 
proposed for calculating the 
ampere-turns required to 
send the flux through ta- 
pered teeth. Satisfactory 
results are generally ob- 
tained by calculating the 
ampere-turns for the den- 
sity at a section ] tooth 
length from the minimum 
section. From a curve de- 
rived as explained for Fig. 

202 the ampere-turns per 
inch are found and multi- 
plied by 1.57, and 

A1 <4 ^ at <»/*«. 

For the rotor teeth 


For tapered stator and 
length of the tooth. 



AT* r — atjrhr* 


Fig. 193. -Magnetic circuit — 1 hp, 1800 r.p.m., 
4 pule, three-phase motor (for dimensions see 
Figs. 175 and 177). 


The length of the flux path in the teeth is equal to the depth of the 
slot . 

The total ampere-turns per pole required to send the flux through 
the magnetic circuit 


ATP = AT„ + AT*, + AT* r + AT,* + AT yr . 
The effective value of the magnetizing current 5 per phase 


2.22pATP 

m 8 Nk d ICp 


( 197 ) 


The per cent magnetizing current = -p 100. 


6 “ Wechselstromtechnik,” Vol. 5-1, Julius Springer, Berlin. 
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No-Load Current. — The no-load current of an induction motor is 
made up of two components: one, the magnetizing current, which is 
90° out of phase with the voltage; two, the watt component of the 
no-load current, which is in phase with the voltage. The in-phase 
component of the no-load current is the current required by the no-load 
losses. These consist of core losses, friction and windage losses, and 
armature copper losses due to the no-load current. 

Core Losses. — The losses 0 in the cores of induction motors consist 
of the hysteresis and eddy-current losses in the teeth and yokes due to 
the fundamental frequency flux plus additional losses. The additional 
losses comprise surface losses in the teeth due to variations in the air 
gap density, tooth pulsation losses due to variations in the tooth density, 
losses due to slot filing, losses due to non-uniform flux distribution, and 
losses in the end-plates and end-brackets. In the stator core, the fre- 
quency of the flux reversals is equal to line frequency; in the rotor it is 
equal to line frequency times the per cent slip. For wound-rotor 
motors operating at reduced speed, the rotor core losses must be included 
when calculating the operating characteristics. The loss in the stator 
teeth due to the fundamental frequency flux is equal to the loss per pound 
for the stator tooth density times the weight of the iron in the teeth. 
The loss per pound for various flux densities and for several grades of 
sheet steel is given by the curves in the Appendix. These curves are 
obtained from tests on samples in accordance with the American Society 
for Testing Materials. The loss in the stator yoke due to the fundamen- 
tal frequency flux is calculated as explained for the teeth. 

The additional losses are difficult to calculate. The surface losses 
in the teeth and the tooth pulsation losses can be calculated by the 
method proposed by T. Spooner 7 and I. F. Kinard. 

Tooth pulsation loss 


= CB, 2 * %/£!(/ 


n<flVd)k 1 1 0 8 watts. 


Here C = 1.85 for 20-gauge electrical-grade sheet steel, 1.30 for 26- 
gauge dynamo grade, and B g is the air gap density in kilo-lines per 
square inch. The additional losses may also include a no-load loss in 


0 “ Induction Motor Core Losses,” by P. L. Alger and 11. Eksergian, A.I.E.E. 
Journal, Vol. 39, Oct., 1920, pp. 900 920. 

7 “ Tooth Pulsation in Rotating Machines,” by T. Spooner, Trans. A.I.E.E. , Vol. 
43, 1924, p. 252; “Surface Iron Losses with Reference to Laminated Materials,” 
by T. Spooner and I. F. Kinard, A.I.E.E. Trans., Vol. 43, 1924, p. 202; “ No-Load 
Induction Motor Core Losses,” by T. Spooner and C. W. Kincaid, presented at 
winter convention A.I.E.E., Jan. 28 to Feb. 1, 1929. 
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the squirrel-cage winding. (See footnote, page 252.) The total core 
losses for induction motors are generally 1.5 to 2.5 times the sum of the 
stator tooth and yoke losses due to the fundamental frequency flux. 
The multiplying factor should be obtained from tests of motors of 
similar design. When such data are not available 1.75 to 2.2 may be 
used. 

Friction and Windage Losses. — The bearing friction losses can be 
calculated when the bearing dimensions are known. The windage 
losses depend upon the type of construction and are very difficult to 
calculate. The combined friction and windage losses should be deter- 
mined from tests of machines of similar design and construction. These 
losses are generally equal to from 3.5 per cent of the kilowatt output for 
5-hp., 1800-r.p.m. motors to 1.0 per cent for 200- to 300-hp., 450-r.p.m. 
motors. 

No-Load Stator Copper Loss. — The length of the half mean-turn 
of the stator coils is calculated as explained for the armature coils of 
synchronous machines, page 208. The coil extension and the clearance 
between coils at the end-connections are generally smaller than those 
used for the armature windings of synchronous machines. Table XXVI 
gives suitable values for induction motor stator and rotor windings. 

The length of the half mean-turn of a stator coil (see Fig. 135 and 
Table XXVI) 

L% = - P + 26 + d 68 + / in. ( 1 OS ) 

p cos a 

Wss + «S‘ 

sm a = 

tls 

The horizontal extension of the stator coil beyond each end of the core 
is calculated as explained on page 210. The length of the half mean- 
turn of a rotor coil for wound-rotor type motors (see Fig. 50 and Table 
XXVI, page 309) 

L/ r == P 2b T d sr l in. (199) 

p cos a 

W, r + « 

sm a = 

hr 


The resistance per phase of the stator winding 


L k Nr 
as 8 X 10 G 


ohms. 


R . = 


( 200 ) 
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This is the direct-current resistance of the stator winding; the effective, 
also called alternating-current, resistance, R» n is usually from 1.15 to 
1.30 times the direct-current resistance. The lower value will apply to 
the smaller ratings with small conductor sect ion area in the stator wind- 
ing, and the higher value to the larger ratings. 

The resistance of the rotor winding for a wound-rotor motor in terms 
of the stator winding 


or 


Rr 


kj*k* N 2 LrNrT 
kdr 2 kpr 2 N r 2 dS r X 10° 


ohms per phase, 


Rr = 


kd*k p * T^t aS ch 

kdr 2 ^ jtf 2 1^8 &cr 


R s ohms per phase. 


( 201 ) 

(201a) 


For a temperature of 25° C., r = 0.092, and for 75° C., r = 0.82G. 
The stator copper losses due to the no-load current are, approximately, 

W » c o = watts. (202) 


The in-phase component of the no-load current 

, IW + I Vfu + IFsrO 
Iw = .. amperes, 


mE 


and the no-load current 


/o = VTj + 77 amp(»res. 


(203) 

(204) 


The power factor of the motor at no-load 


PF 0 


K 

I o’ 


(205) 


Short-Circuit Current. — The current that an induction motor will 
draw from the line when the rotor is blocked depends upon the applied 
voltage and the total impedance of the motor at standstill. The total 
impedance comprises the stator and rotor resistance and the stator 
and rotor leakage reactance. 

Rotor Resistance.— The method of calculating the resistance of the 
rotor winding for wound-rotor motors has been gi\en above. Figure 
189 shows the distribution of the current in a squirrel-cage winding. 
The total resistance of the squirrel-cage bars 


UNur 

10»«* 


ohms, 


and that of the two end-rings 

2tt l) er r 

ohms. 


10 6 s fr 
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The total resistance of the squirrel-cage winding is equal to the total 
copper loss divided by the current squared, and is 

l b N h r Nb 2 2wDerr / l b r 0.64/) er r\ 

10 6 Sb ir 2 p 2 10 6 s cr 1 b lO^^p 2 / ° imS * 


The rotor resistance must be expressed in terms of the stator winding 
before it can be added to the stator resistance to give the total resistance 
of the motor. At standstill, the induction motor is simply a polyphase 
transformer; the equivalent resistance of the rotor is therefore equal to 
the total rotor resistance times the square of the ratio of the effective 
stator turns to the effective rotor turns. The number of phases in a 
squirrel-cage winding is equal to the number of bars per pole = Nb/p f 
and the number of turns in series per phase is equal to the number of 
pole pairs = p/2. The total resistance of a squirrel-cage winding in 
terms of the stator winding is, then, 


R N/2)k p k d m J r 2 / _U_ 0.04/J,A 
i(p/2){N b /p)j 10 G * \SbNb ' p 2 ser ) 

(N *k*kM 2 r \ / U om r \ 

\ 10 (i p 2 S er )' 


When the radial width of the end-ring is large, as it often is in small 
motors, the end-ring resistance must be corrected to take into account 
the effect of non-uniform current distribution in the ring. P. H. 
Trickey, 8 in his paper “ Induction Motor Resistance Ring Width,” 
has developed a constant by which the end-ring resistance must be 
multiplied to include the effect of non-uniform current distribution. 
The equivalent rotor resistance per phase 


NH- P 2 kj*mr / h 
10° \s b N b + 


o.r>4/; <r 

P~S rr 



ohms. 


(206) 


Kring is taken from the curves of Fig. 194, and m, the number of phases, 
is equal to 2 for single-phase machines. In this formula, r X 10“ 6 is 
the resistance of copper per square inch section, 1 in. long; r = 0.826 
for 75° C. and 0.692 for 25° C. If a material other than copper is used 
for the squirrel-cage winding the corresponding value of r must be used. 
Standard brass has a resistance about 4 times, and aluminum about 
2 times, that of copper. 

To calculate the leakage reactance of any winding it is necessary to 


8 11 Induction Motor Resistance Ring Width,” by P. II. Trickey, Electrical Engi- 
neering, Vol. 55, Feb., 1930, p. 144. 
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calculate first the leakage flux per unit of current flowing in the winding, 
which is equal to the magnetomotive force acting on the leakage path 
times the permeance of the path. The flux per unit of current times 

the turns with which it is inter- 
linked gives the inductance and the 
reactance is 2i rfL. The leakage re- 
actance of rotating machinery wind- 
ings is calculated by assuming that 



the leakage flux flows in definite 
paths for which the area and length 
can be calculated. For induction 
motors it is common practice to 
divide the total leakage flux into 
stator and rotor slot leakage flux, 
end-connection leakages zigzag leak- 
age or differential leakage, belt 
leakage, and skew leakage. The 
reactance calculations are made on 
the assumption that these leakage 
paths are not saturated. The large 
current drawn by the motor during the starting period produces satu- 
ration in the tooth tips which has the effect ot reducing the total leak- 
age reactance. To calculate the starting performance a corrected total 
leakage reactance must, therefore, be used. The method of calculating 
the slot permeance is given by various authors/' For a pitch winding 
the inductance per phase for the slot leakage flux 


m 

L b = 0 4h7», 2 - I u 2 :A(Fsst + Fssb) 10 s henry. 

jS s 

For fractional pitch windings the current in the two coil sides in some 
of the slots is not in phase and the inductance is less than for a pitch 

• 11 Tho Design of Induction Motors,” by C. \. Adams, \ I J\ 10. Trans., Vol. 24, 
1905, p. 049; " Zigzag Leakage of Induction Motors,” by R. E Ilellmund, A.I.E.E. 
Trans., Vol. 20, 1907, p. 1505; “The Calculation of the Armature Reactance of 
Synchronous Machines,” by P. L. Alger, A.I.E.E. Trans., Vol. 47, 1928, p. 493; 
“ Analytical Determination of Magnet le Fields,” by H. L. Robertson and I. A. Terry, 
A.I.E.E. Trans., Vol. 48, 1929, p. 1242, “ Calculation of Synchronous Machine Con- 
stants,” by L. A. Kilgore, A.I.E.E. Trans., Vol. 50, 1931, p. 1201, “Electric Ma- 
chinery,” by Liwschitz-Garik and Wipple, Vol. I, p. 03, I). Van Xostrand Co., New 
York; “ Calculation of Slot Constants,” by A. F. Puchstein, A.I.E.E. Trans., Vol. 
66, 1947, p. 1315; “ The Air (lap Reactance of Polyphase Machines,” by P. L. Alger 
and H. R. West, A.I.E.E. Trans., Vol. 00, ID 47, p. 1331, “ Reactances of Induction 
Motors,” by V. C. Lloyd, V. F. Giusti, and S. S. L. Chang, A.I.E.E. Trans., Vol. 66, 
1947, p.1349. 
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winding. This effect is taken into account by multiplying the equation 
for inductance by a reduction factor which is given by Fig. 143. Sub- 
Ntti 

stituting— 7- for n„, the series conductors per slot, and multiplying by 
2 t r /, the slot leakage reactance 



Fig. 195. Fig. 196. Fig. 197. Fig. 198. 


Here F ss / is the stator slot 1 act or for the to]) of the slot and F aab the 
slot factor for the bottom ol t he slot. For open stator slots, Fig. 195, 

I 1 lit + F 6<«/> = - + 

U) s, 6w h h 

For partly closed stator slots, Fig. 190, 

T7 , T7 , 2 du \ , /r/a. , du\ 

J' 1 sit + F sib = ( — H ) + ( b )* 

\u\s 1 Wss + Wsnl/ \w a8 Sw„ H / 


The rotor slot leakage reactance 

N 2 ml 2 ()/„(/. n h,,VKr 


A\ r = 


10' a,,,/. ,/,) J N. 

For octangular partly closed rotor slots, Fig. 197, 

Fsrt + F 


(F srt T“ F ar b) ohm. 


= (— + - ^ -) + (- + 

\U\,] M>,r + Wsrl/ \W 8r Sw ar / 


For round rotor slots, Fig. 198, 


d h 


F 8tl + F nb = — + 0 . 025 . 

Ws, 1 


For trapezoidal slots on either stator or rotor the slot factor for top and 
bottom of slot is calculated as shown in Figs. 213 and 214, pp. 369, 370. 
The stator zigzag 11 leakage reactance 



ohms; 
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and the rotor zigzag leakage reactance 



ohms. 


The magnetizing reactance of an induction motor in ohms per phase is 
approximately equal to the terminal voltage per phase divided by the 
magnetizing current per phase corresponding to the air gap ampere- 
turns, The total stator and rotor zigzag leakage reactance 




E 


1.2 h 




The belt leakage reactance is equal to zero for motors with squirrel- 
cage rotor windings and integral number of slots per pole. For wound- 

rotor motors, the total belt leakage re- 
actance for stator and rotor 



= 


E 


(Kbs + Kbr)» 


The belt leakage constants, Kbs and 
Kt„, vary with the per cent pitch of the 
respective windings. They are shown 
in Fig. 144. They have been derived 
by P. L. Alger in his A.I.F.E. paper referred to above. 

The stator end-connection leakage reactance may be calculated by 
the method suggested by L. A. Kilgore, 9 




N 2 mf 0 8 (A* 


10 7 


7^[ t+ ° 5 (' + Tr 


The stator coil end-connection is shown in Fig. 199. Values for b are 
given in Table XXVI, and / may be calculated as shown on page 309. 
For the end-connection leakage reactance of wound-rotor induction 
motors the rotor values are used and the entire equation multiplied by 
the effective turns ratio squared to convert to stator terms. 


X re = 


N 2 mJ 0 8(Ay/',, r ) 

10 7 p 

N 2 mf0M^v^y 2 r 

io 7 p L 


-[<.,+ 0.5 (/, + £)] 
* + 0 *(/, + £)]. 


N' 2 kp 2 kj 2 m, 

N r 2 kpr 2 k dr 2 m r 


The values of b in Table XXVI can also be used for the rotor winding, 
and f r can be calculated as explained for direct-current armature wind- 
ings, page 59. 
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The rotor end-connection leakage reactance for squirrel-cage rotor 
windings 


Xre = 


Nhnf c,(A- p frrf) 2 
10 7 p 2 


( 


2 pbr + 


irDdc 


1.7w er 4” 1.2 der 4“ 1 



ohm. 


For brazed rotor windings for which the bars extend beyond the rotor 
core c r = 0.4, and for die-cast rotor windings with end-ring adjacent to 
rotor core c r = 0.58. The dimension d ly Fig. 199, is the radial distance 
from the center of the end-ring to the (‘enter of the filled part of the 
stator slot. 

The skew leakage reactance 

X 8 i = ~ —ohm, 

1 mg ‘ ^ 


where is the skew expressed in radians and is equal to t times the 
ratio of the number of slots skew to the number of slots per pole of the 
skewed member. 

The total leakage reactance of the stator plus the rotor in terms of 
the stator winding in ohms per phase 

A"inm = X 8S + X 8r + + X re + X z + X i, + X 8 k ohms. (207) 


The per unit reactance 


[pX i 

K t 


I v is the in-phase component of the 


motor input current. The stator reactance per phase 


X\ run = X 88 + X ae + 0 5(X Z + A 8 k + Xu ) ohms, 
and the rotor reactance per phase 


X 2 run = X rs + Xre + 0 5(X Z + X 8 k + Xb) ohmS. 


The magnetizing reactance 


and 




E T - T m X 1 



bm — 



The resistance to represent the core loss in the equivalent circuit 


Rm = 


Core loss 

mJrr 2 
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and the conductance 

Core loss Coro loss 

9m = m E? = m(E T - Tjt i) 2 ' 

The equivalent-circuit method 10 is generally used to calculate induc- 
tion-motor performance characteristics. For the single squirrel-cage 
winding the equivalent circuit is shown in Fig. 204, and for the double 
squirrel-cage winding in Fig. 205. For any slip up to and including the 
slip at maximum torque, the performance characteristics are calculated 
as shown below. For full-load output R T /s is approximately equal to 
Et/L 

Zi = Rr/s + jX* = Zj / 6°. Y 2 = Cfr — jb'i — I 2 / — 0 ° . 

Z = R + jX = Z j 0° m = q m — jh m 

Zi = R* + jX x . Y = G - jR = Y /-0°. 

Zt — Rt + jXr — Zt / 0 °. 

7 = Er -5- 2,; l, = f- /; I’K = 7i r : 

Z2 


The stator copper loss = I 2 m IF watts (1). 

The rotor copper loss = I r 2 niR t watts (2). 

The gross secondary output = (1 — s)/ r 2 w It, /a watts (3). 

The input = (1) + (2) + (3) + core loss + stray load-loss. 

The shaft output = (3) — friction and windage loss. 

. shaft output 

Efficiency = : • 

input 

lt.p.m. = (1 — s) X syn. r.p.m. 

7.04 X shaft output 

Torque = — 

U.p.m. 


The slip at maximum torque 

Hr 

Sm — / * 

Vlir + X, run “ 

10 “Theoretical Elements of Electrical Engineering,” by C. P. Steinmetz, McGraw- 
Hill Book Co., New York; General Electric Review, Vol. 22, April, 1919, p. 230; 
Electric Journal, Vol. 24, Nov., 1927, pp. 509-573; “ Induction Motor Performance 
Calculations,” by P. L. Alger, A.I.E.E. Trans., Vol. 49, July, 1930, p. 1055; “Poly- 
phase Induction Motors,” by W. J. Branson, A.I.E.E. Trans., Vol. 49, Jan., 1930, 
p. 319; “ Performance Calculations on Induction Motors,” by C. G. Veinott, A.I.E.E. 
Trans., Vol. 51, Sept., 1932, p. 743. 
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The effect of magnetic saturation in the leakage flux path and the 
effect of unequal current distribution in deep rotor bars during starting 
can be determined with satisfactory accuracy by the methods proposed 
by H. M. Norman 11 and M. Liwschitz. 11 The constant R c , by which 



the embedded portion ol the rotor bar must be multiplied to correct for 
skin effect, is shown in Fig. 200 and varies with 



Here d\ is the depth of the bar, w h the width of the bar, w 8r the slot 
width, / the line frequency for the stator and slip frequency for the rotor, 
and K ( a constant equal to 0.357 for copper, 0.275 for aluminum, and 
0.189 for brass. The squirrel-cage winding resistance at starting 


NH'r 2 kd 2 mr ( l h 0 tiU) n . \ 

Rr start = 7^— l —TT Rc H T A ring 1 - 

10 () \s b X N h p 2 x (r ) 


When the rotor bar extends beyond the core, the bar resistance must be 
calculated in two steps since only the embedded part of the bar is mul- 
tiplied by the correction factor R c . 


11 “ Induction Motor Locked Saturation Curves,” by H. M. Norman, Electrical 
Engineering, April, 193 1, pp. 530 -541; “ Asynchronous Motors with Squirrel-Cage 
Armature for High Starting Torque, and Low Starting Current,” by M. Liwschitz, 
Siemens Zeitschrift, Feb. and March, 1925. 
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The determination of the effect of saturation in the leakage paths of 
squirrel-cage motors on the reactance at starting is difficult, and very 
little work has been done on this subject. The method given here is 
based on H. M. Norman’s A.I.E.E. paper referred to above. It is the 
author’s hope that the presentation of a method of calculating the effect 
of saturation upon leakage reactance might encourage some students to 
carry on further investigations as a thesis or special design problem. 

The ampere-turns per slot for the locked rotor current 


— — — — 0.707 r. 
a L 


Ks + k p X k d 2 X J yj Et ■ 


Here t a is the number of turns per coil, c s the number of coil sides per 
slot, K 8 the stator winding pitch correction factor for slot leakage given 


£■■■■■■■■ 



0 100 ZOO 300 400 500 600xl0 3 


Fig. 201. 

in Fig. 143, and /» the short-circuit or locked rotor current input which 
is assumed. 

I 0.255 

1 3 = J— — — + °.64 

\ /i« + t\, 


0 . 0285/3 


From Fig. 201 the multiplying factor K z is found, and 
C,„ = (<i„ - «m )(1 - Kz) 
for the stator slot opening and 

C. r = (tlr ~ «Vl)(l - Kz) 
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for the rotor slot opening. The reduction of the slot factor for the top 
of the slot for open slots, Fig. 195, 


A F a 


_d2s / Css \ 

Wsg\C/8H "1“ Was) 


\C 8H + w, 

For partly closed slots, Fig. 190, 

d 48 + 0.58^3,/ 

A r sat — l 

Wal V 


Cs 


Css + l.OWsl/ 


The corresponding values for the rotor slot are calculated by using rotor 
slot dimensions instead of the stator slot values. A correction is also 
applied to the slot factor for the bottom of the rotor slot when deep bars 
are used; this factor X c is given in Fig. 200. The leakage reactances at 
starting 


„ r ( f* 8 st AF sst + F S8b\ 

-A 88 start — A 8 « run l 7^ J 7J J 

\ F sst J * 88b / 


= X, 


F, rt - A F„, + (F„ rb x X c ) 


F „rt + F Br b 

X z start — X z run X /v z . 

X, start — Xsa start + X ar start + X.,. + X re + X* start* 
Xi start — X 88 start + X 8e + 0 • 5 A z start* 


From the calculations of the equivalent circuit for s = 1 the input cur- 
rent and equivalent rotor current are calculated. 


Starting torque = 


rotor copper loss (s = 1)7.04 
s r.p.m. 


lb.-ft. 


Rheostat Data. — Wound-rotor motors are started by inserting a 
resistance into the rotor circuit, which is generally star-connected and 
of such value as to give full-load torque at starting. The voltage across 
the slip-rings at standstill, with normal voltage applied to the stator, 
is calculated by formula 188 and is 

N rk pr k dr 7 y-, . 

Er = j /v2 E volts. 

Nkpkd 

At synchronous speed, the rate of change of the primary flux through 
the rotor coils is the same as that produced by the alternations of the 
primary flux at standstill. The counter e.m.f. at synchronous speed is 
therefore equal to E r . The counter e.m.f. varies directly with the 
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speed; for any load it is then equal to E r { 1 - slip). The motor output 
in watts is equal to the counter voltage times the rotor current. Neg- 
lecting the phase displacement between rotor voltage and current, 
which is negligible for normal speeds, the rotor current per phase for 
3-phase rotor windings 

hp. 740/^2 

’’ “ Wl - B lip)3 0mp, '" a - (208) 


For a star-connected rotor winding, A* 2 = 1.73; and for delta-connected 
rotor winding, k <2 = 1.0. This formula does not take into account all 
the factors affecting the rotor current, but if is sufficiently accurate for 
design calculations. 

The rheostat resistance per phase when star-connected for full-load 
starting torque 


Rrh = 


E r { 1 ~ Sl ip) 
Trh' 2 


ohms. 


(209) 


For star-connected rotor winding, = 1.73; and for delta-connected 
rotor winding, k 2 = 1. 

Temperature Rise. — The limiting observable temperature rise for 
the various windings of induction motors should not exceed the values 
specified by the American Standards Association and given in Table 
XXVII. 12 The heat-dissipating surface should include all those surfaces 
of the core and windings swept by the cooling air. This means that the 
surface area exposed to the cooling air will depend upon the frame con- 
struction and methods used to direct the cooling air through the motor. 
For open-type motors, the radiating surface usually will include the 
back and end surfaces of the stator core plus one surface for each ventilat- 
ing duct, the surface around the stator winding end connections, and the 
end surfaces of the rotor core plus the surface around the end connections 
of the rotor winding. The losses that must be dissipated are stator and 
rotor copper loss, stray load-losses, and stator core loss. Since the type 
of frame construction determines in a large measure the radiating sur- 
face, it is difficult to specify exact limits of radiating surface per watt 
required for different values of temperature rise. In general, the square 
inch radiating surface per watt loss for open-type motors should be 
approximately 1.0 for a 40° C. temperature rise. For totally enclosed 
motors with cast-iron frame and end brackets without fan cooling the 
total outside surface area of the motor per watt loss must be greater than 
2.5 for a temperature rise not to exceed 55° C. 

12 See American Standard Rotating Electrical Machinery, (750, March, 1943. 
These standards may be obtained from the American Standards Association, 
70 East 45 Street, New York 17, New York. 
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Sample Design: Operating Characteristics . — The ratio of stator slot 
opening to air gap length 


0.10 

0.022 


4.55. 


From the curve in Fig. 53, y = 2 . 2G, and the air gap coefficient for the 
stator slots 




tu 

Wui + ( 3 //) 


0.552 

0.452 + (0.022 X 2.20) 


1 . 10 . 


TABLE XXVII 

Limiting Observable Temperature Rise 


Induction Motors 




Method of 
Temperature 

( ieneral- -Purpose 
Motors 

Totally Enclosed 
Motors 

Other Motors 

Item 

Machine Part 

Determina- 
tion to be 
Lmplo> ed 

( 'lasx, A 
Insula- 
tion 

( Mass B 

Insula- 

tion 

Class A 
Insula- 
tion 

("lass B 
Insula- 
tion 

( ’lass A 
Insula- 
tion 

(Mass B 
Insula- 
tion 

1 

Windings 

Thermometer 

Resistance 

40 

50 

— 

55 

00 

75 

HO 

o o 

lO 

70 

80 

2 

Cores and 
mechanical 
parts in con- 
tact with or 
adjacent to 
insulation 

Thermometer 

40 


55 

75 

50 

70 

3 

Collector rings 
and commu- 
tators 

Thermometer 

55 

75 

05 

S, 

05 

85 


4 


Squirrel-cage windings and miscellaneous parts (such as brush holders, brushes, 
polo tips, etc.) may attain such temperatures as will not injure the machine in 
any respect. 


For the rotor slot, the ratio of slot opening to gap length 

0.00 

= = 2.7 

0.022 


and y = 1.71. The air gap coefficient is then 
ty 0.4,57 

Cr = Wtri + 8 y = 0 * 397 + 0.022 X 1.71 


1.06. 
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The flux density in the air gap is given on page 314. The air gap 
ampere-turns per pole 

AT 0 = B 0 bkskr X 0.313 = 42,300 X 0.022 X 1.10 X 1.06 X 0.313 
= 340 ampere-turns. 

The stator tooth width is constant, and 
w u 3 = 0.26. 

The flux density 

4>t 604 X 6 

“ 3 ~ w t *(l -n d w d )kiS 8 “ 0.26(4.5 - 0)0.93 X 54 X 0.637 

= 97.0 kilo-lines per sq. in. 


120 

f,0 

8 

#100 

L 

c 

Q> 

Q 

J80 

u_ 

V 

JC 

1 70 

3 

E 

X 

O AH 






r— 































^ ^6 20 40 60 80 100 12 


AverageAmpere-Turns per Inch 


Fig. 202 . 


From the saturation curve, Fig. 202, for 1 per cent silicon steel, at** = 
24 ampere-turns per in., and the ampere-turns per pole for the stator 
teeth 


AT** = 24 X 0.991 = 23.8 ampere-turns. 


lu from Fig. 185 is equal to d + \R. 

The rotor tooth width at a point ^ tooth length from the minimum 
width 


WtrZ = 


Tr(P r — l^ r) 

S r 


- W ar = 


7r(9.45 - u X 0.616) 
65 


-0.156 


= 0.261 in., 
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and 

604 X 6 

Btr 3 ~ Wtr*(l - n d w d )kiSr ~ 0.261(4.5 - 0)0.93 X 65 X 0.637 

= 80.0 kilo-lines per sq. in. 

AT tr = 11.0 X 0.616 = 6.8 ampere-turns. 

The length of the flux path in the stator yoke 
_ HDo - \d U8 ) _ tt(13.0 - \ X 1.497) 

2 V 2X6 

= 3.20 in. 

For the flux density in the stator yoke (see page 315), at va = 14 ampere- 
turns per in. from Fig. 202. 

AT VS = 14 X 3.2 = 44.8. 

The length of the flux path in the rotor yoke 

7 r(Dr - 2 dsr - \d V r) 7r(9 . 456 - 2 X 0.616 - \ X 1.97) 
vr ” 2 V ~~ 2X6 

= 1.89 in. 

AIV = 4.0x1. 89 = 7. 6 ampere-turns. 

The total ampere- turns per pole 
ATP = 340 + 23.8 + 6.8 + 44.8 + 7.6 = 422. 

The magnetizing current per phase 

_ 2 . 22 ATP X p 2.22 X 422 X 6 

m ~ m.Nfcfw 3 X 162 X 0.96 X 0.985 
= 12.3 amperes = 31 per cent. 

The width of a stator tooth is 0.26 in., and the weight of the iron in 
the teeth 

Got = 0.26 X 4.5 X 0.93 X 54 X 0.936 X 0.278 
= 15.3 lb. 

The loss per pound for the stator tooth density 
B ta s = 97.0 kilo-lines per sq. in. 

is equal to 3.3 watts for 1 per cent silicon steel, 0.0185 in. thick. The 
loss in the stator teeth due to the fundamental frequency flux 

Wet = 3.3 X 15.3 = 50.5 watts. 
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The weight of the iron in the stator yoke 

Gey = ^ [Do 2 - (Do - d y ,) 2 ]l a X 0.92 X 0.278 

= ^ [13. 0 2 - (13.0 - 1.497) 2 ]4.5 X 0.93 X 0.278 
= 33.21b. 

The loss per pound for the stator yoke density 
B ys = 96.5 kilo-lines per sq. in. 

is equal to 3.25 watts, and the loss in the stator yoke due to the funda- 
mental frequency flux 

= 3.25 X 33.2 

= 108 watts. 

The total core loss (see page 330) 

W c = (50.5 + 108)2.0 = 317 watts. 

The friction and windage losses are estimated at 2.0 per cent of the 
output in watts, 224 watts. 

The length of the half mean-turn of a stator coil (see page 331 and 
Table XXVI) 

= 12.95 in. 

The resistance per phase of the stator winding at (>5° C. 

„ L,Nr 12 95 X 1112 X 0.80 „ <o , 

R. = ; = — = 0.13 ohm. 

as, X 10° 2 X 0. 00944 X 10' 1 

The loss in the stator winding due to the magnetizing current 

= 12.3 X 3 X 0. 13 = 05.0 watts. 

The watt component of the no-load current 

T 317 + 224 + 05.0 , ri> 

I m = = 1 . 59 amperes. 

3 X 127 

The no-load current 

Jo = VTJTT? = V12.3 2 + 1.59 2 


= 12.4 amperes. 
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The no-load power factor 

I w 1 59 

PF 0 = f = 7^7 = 12 8 P er cent * 

I o 12 4 

The leakage reactance is calculated as explained on page 334. The 
following data are required: 


/ = GO. 


0 87. = 0 30. k d 


L = 4 5. d tH = 0 03 Wssi - 0 10 S r = 05 


= 0 04. kdr = 1 0. 
= 0 150. D = 9 5. 


m — 3. 


dts = 0 03. P = 0 880 d lr = 0 531. w 8rl = 0 06. p = 0. 


N = 102 = 0 305. Kn = 0 02 d 2 , 


K r = 1 0. 


r = 4 97. 


- 54. 


k p = 0 085. t/ lr = 0 03 /f, r = 1 0. 


The stator slot factor from Fig. 214 

/ r/ 4 s X 2 \ 

F„, + F..6 = (— + -) + 

_ /0 03 0 03 X 2 \ 

" \0 To + 0 10 + 0 30/ ’ 

and the stator slot reactance per phase 


1 10 = 0 45 + 1 10, 


-Ass 


N-mf 2 0 l„K, 


(F sat + F stb) 


162 2 X 3 X 00 2 X 1 r> X 0 92 


1 55 — 0 112 ohm. 


The rotor slot factor 


F art + Fa 


= (*± 
\W,r) 

_ ( {) 0 
“ \0 0 


I 

te sr i u\ 


0 04 2 X 0 03 \ 

(Too + 0 150 + o 06/ + 


,) + (S + 

Hr«>) + (rk ' 


3X0 156> 


= 0 914 + 1 132 = 2 076, 

and the rotor slot reactance per phase 

ir K-mf 2 ()l„{k,,k,iYKr N 

x - “ TT (F + F "' ) 

162 2 X 3 X 00 2 0 X 4 5(0 985 X 0 96) 2 1.0 
10 7 05 


X 2.076 


= 0 121 ohm. 



348 


MOTOR CHARACTERISTICS 


The magnetizing current per phase due to the air gap ampere-turns 

2.22AT,p 2.22 X 340 X6 

mo ~ mNk p k d “ 3 X 162 X 0.985 X 0.96 

= 9.85 amperes. 

The stator and rotor zigzag leakage reactance 

1 = ^ ^ ohm ^ er P^ ase * 


127 


1.2 X 9.85 
For the stator end-connection, the length 
x(9.5 + 1.0G7) 

/ = - - - 0.889 X 0.68 = 1.67 in., 

^ X o 


and the stator end-connection leakage reactance per phase 

162 2 X 3 X 60 0.8(0.985 X0.96) 2 


10 7 


6 


r / 1 . 067 VI 

0.75 + 0.5 fl .67 H — — J 


= 0 . 104 ohm. 


The length of the bar in the squirrel-cage winding is 7.0 in. The 
horizontal extension between core and end-ring, h r) Fig. 199, is 1.23 in. 
on each end, and the bar is skewed one stator slot pitch. The end-ring 
has a radial depth of 0.875 in. and a horizontal width of 0.25 in. The 
rotor end-connection leakage reactance per phase 


N 2 mf Cr(k p k d ) 2 / 

—^-\ 2pb ' + r. 


7T D(l c 


• 7 Wer + 1 • 2 d er + 

162 2 X 3 X 60 0.4(0 985 X 0.96) 2 


\A(l) 


10 7 


G 2 


^2 X 6 X 1.23 + 


x X 9.5 X 1.03 


1.7 X 0.25 + 1.2 X 0.875 + 1.4 X 


I.03) 


= 0.119 ohm. 
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The skew leakage reactance per phase 


E 9 sh 2 127 0.35 2 


k 


Im. 12 


= 0 . 133 ohm. 


9.85 12 

The total reactance per phase of the motor at normal running speeds 
Xi run = 0.112 + 0.121 + 0.22G + 0.104 + 0.119 + 0.133 = 0.815. 
The stator reactance per phase 

Xi run = 0.112 + 0.104 + 0.5(0.226 + 0. 133) = 0.396 ohm, 
and the rotor reactance per phase 

X 2 run = 0.121 + 0.119 + 0.5(0.226 + 0.133) = 0.42 ohm. 

The magnetizing reactance per phase 

127 


E r 

X -’T„~ Y ' - 12.3 


- 0.396 = 9.904 ohms, 


5jn 


1 


= 0 . 101 , 


9.904 

and the conductance per phase 

317 


dm 


3(127 - 12.3 X 0.396) 2 


= 0.0071 mho. 



* l b 7.0 L >| 

1 J 

fc 

<0 

<3 


" 1 


0O 

C5 

+0.25" 

liiiiim 

0.25*-* 



^ — 1=4.5*-*- 


u 


Km. 203. 


The length of the bars in the squirrel-cage winding is 7.0 in. (see Fig. 
203). The rotor resistance in terms of the stator winding at 65° C. 


k p 2 k,rN 2 m r 

Rr ~ io u U 


lb , 0 . 6474, r T , 
XT d Arii w 

HbNb pS.r 




0.985 2 X 0.06 2 X 162 2 X 3 X 0.80 
" 10 ° 


X 


r 7.0 0.64 X 8.58 J 1 

1.0.075 X 65 + 6 2 X 0.219 

= 0.12 ohm per phase, or 0.104 ohms at 25° C. 
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The equivalent circuit of Fig. 204 is used for calculating the per- 
formance characteristics. The stray load losses at full load are usually 
equal to 3.0 per cent of the watt output for small motors to 0.5 per cent 



Fig. 204. — Equivalent circuit for induction motors with single squirrel-cage. 


for large motors. For calculating the running performance, the stator 
and rotor resistance at 65° C. must be used for a 40° C. rated motor, 



Fig. 205. — Equivalent circuit for induction motors with double squirrel-cage. 


and for the starting performance calculations the cold resistance at 
25° C. is used. For a full-load slip of 0.037 : 


Rr _ 0.12 

s ” 0.037 


3.24. 
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Z 2 = 3.24 +j0.420 = 3.27. 7 2 = 0.303 - j0.0393. 

Y m = 0.0071 -iO.lOl. 

Z = 2.68 +jl. 215 = 2.93. 7 = 0.31 - jO . 1403 = 0 . 34. 

Zi = 0.13 + j‘0.396. 

Zt = 2.81 + jl .611 = 3.23. 


I input = 1 27 -J- 3.23 = 39.3 amperes. 

2.93 

I T rotor current = — — 39.3 = 35.2 amperes. 

6.Z1 

2 8 

Power factor = R t -f- Z t = —~zz = 0.87. 

o.Zo 

Stator PR = 3 X 39.3 I 2 X 0.13 = 002 watts. 

Kotor PR = 3 X 35. 2 2 X 0.12 = 446 watts. 

Gross secondary output = (1 — 0.037) 35. 2 2 X 3 X 3.24 = 11,580 
watts. 

Input = 002 + 446 + 11,580 + 317 + 112 = 13,057 watts. 

Shaft output = 11,580 — 224 = 11,356 watts or 15.2 hp. 

Efficiency = 11,356 13,057 = 0.87. 

Full-load speed = (1 - 0.037) 1200 = 1157 r.p.m. 

Torque = (7.04 X 11,356) ^ 1157 = 69.0 lb.-ft. 


The slip at maximum torque 


and 


0.12 

Vo. 13 2 + 0.815 2 


0.145, 


R r _ 0.12 
s m ~ 0.145 


0.827. 


Z 2 = 0.827 +j0. 42 = 0.927. 7 2 = 0.962 -j0.488. 

Y m = 0.0071 - jO. 101. 

Z = 0.75 +j'0. 459 = 0.88. 7 = 0.969 -jO. 589 = 1.135. 

Zi = 0.13 + jO . 396. 

Z t = 0.88 +j0. 855 = 1.23. 

I input = 127 -r- 1.23 = 103 amperes. 

0.88 

I r rotor current = — — - X 103 = 97.8. 

0.927 

Gross secondary output = (1 — 0.145)97.8 2 X 3 X 0.827 = 
20,300 watts. 

Shaft output = 20,300 — 224 = 20,076 watts. 

Speed = (1 - 0.145)1200 = 1026 r.p.m. 
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Torque = (7.04 X 20,070) 1026 = 137.2 lb.-ft. or 200 per cent 

of full-load torque. 

KcdJf— = 0.357 X O.53lJ0O^^ = 1.40. 

\ w,r \ 0.150 

From Fig. 201, R r = 1.32. 

The rotor resistance per phase at starting in terms of the stator 
winding 


„ 102 2 X 0.985 2 X 0 90 2 X 3 X 0 092 w 

Rr start — . .... X 


/ 4 . 53 x l .. 
\ 0.075 


X 05 

= 0.1185 ohm at 25° C. 


10 “ 

32 + 2.47 0.04 X 8 58 

- + : — XIX 


0 2 X 0.219 


0 


To calculate the effect of saturation upon the leakage reactance, it is 
necessary to estimate the value of the starting or blocked rotor current. 

Y i 

For this purpose Xi start may be taken equal to : — — ; then 

1 .4 

% start = ^ {R, + It, start ) 2 + ^ 


= V (0 

= 0.034 ohm. 


( 3+ ,,, w+ (if) s 


The starting current 
127 


1 8 = ;; / ; < :t = 200 amperes. 

0 034 


AT. = I. 0.707 I" K, + k p X lc d 2 X f'l 

a L <SrJ \ Et 

■0.707^0. 


= 200 


9x2 


92 + 0.985 X 0.96 2 X — 
05 


4 


121.4 

HOT 


= 2090. 


/ 0 255 , / 0 25 X 0 022 

= J - — + 0.04 = J - + 0.64 = 1.01. 

vtu + tu V0.552 + 0.457 


B l = 


2090 


AT, 


0.0285/3 0.028 X0.022 X 1.01 


= 150,000. 
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From Fig. 201, K z = 0.811 and C„ = (0.552 - 0. 10)(1 - 0.811) = 
0.0853. 

C. r = (0.457 - 0.0G)(1 - 0.811) = 0.075. 

= d*. + 0-58f? 3 . / g„ \ 

” l w a i \6' ss + 1.5«;,i/ 

0.03 + 0.58 X 0 . 03 / 0.0853 \ 

\0 . 0853 + 1.5 X 0.10/ 


A F srt = 


0.10 

= 0.172 

0.04 + 0.58 X 


0.00 


0.03/ 0.075 \ „ 

( ) = 0.436 

\0 . 075 + 1.5 X 0.06/ 


X, 


„ /Fust — A /''«», + F 

ssrun v fz~+fz ; 

/0.45 - 0.172 + 1 10\ 

" 0 1 , 2 ( — iTiJTTio — ) = 0 0!K,5ohm - 

From Fig. 200, X c = 0.891. 

F ttrt — A F 8 rt + (F „rh X If) 


X 


sr start — la run 


= 0.121 


7 * art 4 “ F s rb 

0 944 - 0 436 + (1.132 X 0.891) 


0.944 + 1.132 


= 0.0884 ohm. 


X z start = X- run X K z — 0.226 X 0.811 = 0.183 ohm. 

X start = 0.0995 + 0.0884 + 0.104 + 0.1 19 + 0.183 = 0.594 ohm. 
-Vi = 0.0995 + 0.101 + 0.5 X 0.183 = 0.295 ohm. 

X 2 start = 0.0884 + 0.119 + 0.5 X 0.183 = 0.299 ohm. 

For s = 1.0: 

Z 2 = 0.1185 + jO . 299 = 0.322. F 2 = 1 . 145 - J2.89. 

Y m = 0.0071 - jO.101. 

Z = 0.112 +. ;0. 291 = 0.312. 7= 1.1521 -/2.991 = 3.21. 

Z i = 0.113 + jO . 295. 

Z , = 0.225 + JO . 586 = 0.627. 

Is = 127 -5- 0.627 = 202 amperes. 

T 0.312 

1st — X 202 = 196 amperes. 

0 . OZjZ 
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MOTOR CHARACTERISTICS 


UNIVERSITY OF MINNESOTA 
ELECTRICAL ENGINEERING DEPARTMENT 

Hp 15 S R p m 1200 Cycles 60 Poles 6 Phases 3 Volts 220 Amps Line 39 2 
Amperes per Phase 39 2 Volts per Phast 127 Apparent Efficiency 


Stator 


Sheet steel 

0 019—1% Si 

Outside diameter 

13 0 

Gap diameter 

9 5 

Total length 

4 5 

Ducts number and size 

None 

Gross iron length 

Effective length 

Slots 

Number 

4 5 

4 18 

54 

Depth round bottom 1 067 

Width 

0 30 0 395 

Opening 

0 10 

Minimum tooth width 
Conductors 

0 26 

Per slot 

18 

Size 2 

14 rd in parallel 

Area 

0 00644 

Total section 

6 26 

In series per phase 

162 

Amperes pi r square inch 

3080 

Conductors arranged in slot 
Insulation allowance 

random 

Depth 

0 25 

Width 

0 075 

Circuits per phase 

2 0 

Connections 

Star 

Coil throw 

Slots 1 and 9 

Per cent pitch 

0 889 

Length half mi an turn 

12 95 

Resistance per phast 65° C 

C opper weight 

Rotor 

0 13 

Sheet stcil 

0 019—1% Si 

Gap diameter 

9 456 

Inside diameter 

6 25 

Total length 

4 50 

Duits number and size 

None 

E ffective U ngth 

Slots 

4 18 

Number 

65 

Depth 

0 616 

Width 

0 1 j6 

Opening 

0 06 

Minimum tooth width 

0 241 


Total flux 5690 X 10» k p = 0 985 


Conductors 
Per slot 
Size 

Material 
Section total 
In sines per phase 
Insulation allowance 
Di pth 
Width 

Circuits pi r ph ise 
Connections 
f cil throw 
Per cent pitch 
End ring 

Section 0 25 X 0 875 - 0 219 sq m 

Mati rial Copper 

Li ngth of bar 7 0 

Resistance pi r j hast 

65° (_ = 0 12 or 0 104 <j® 25°C 

Condut tor weight 


Stator and Rotor 


Total resistant i per phasi 

0 15 + 

0 12 

-0 27 

Total reactant i pir j li isi 

0 39 + 

0 42 

0 81 

Short iircuit powei f u tor 



38 4 

Short circuit uirrint 



202 

I riction and windigt loss 



224 

No load stator 1 h 



65 0 

Magnetizing tuirtnt 


12 

1 31% 

Watt component of I 



1 59 

No 1 ad curn nt 



12 4 

No load power factor 



12 S 

I till load turn nt 



39 2 

lull load slip 



0 037 

Full load spttd 



1157 

hull load toiqui 



69 0 

Starting tor pit 



80 0 

Maximum torque 



137 2 



i 

4 

* 

2 

2 

$ 

Ffhcieni v 




87 


Pow t r f m ti r 




87 



per pole 604 X 10 ki - 0 90 ( - 0 679 



I ength 

Scctirn 

Density 

Ampere 

I urns 

Wi ight 

C ore 

I ss 

Stator tec th 

0 936 

58 7 

97 0 

23 8 

15 3 

50 5 

Stator yoke 

3 20 

6 26 

96 5 

44 8 

33 2 

108 0 

Rotor ti cth 

0 616 

71 0 

80 0 

6 8 


158 5 

Rotor yoke 

1 89 

8 25 

73 i 

7 6 


2 

Air gap 

0 022 XI 155 

134 0 

42 3 

o 

c 


317 0 


Rheostat data 

Open-circuit volts across rings 
Amperes per phase 
Starting resistance per phase 
Remarks 

Designed by J H Kuhlmann Date 

Fig. 206. — Induction motor design sheet. 
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Starting torque = 


7.04 X 3 X 19C 2 X 0.1185 
1200 


= 80.0 lb.-ft., or 116 per 


cent of full-load torque, which does not meet the minimum requirements. 
The student should study the proportions chosen for this design and 
make the necessary changes so that the running performance character- 
istics will remain approximately the same but give a starting torque of 
135 per cent of full-load torque. What temperature rise will the stator 
of this motor be likely to have? 



CHAPTER XX 


FRACTIONAL-HORSEPOWER 
SINGLE-PHASE MOTOR DESIGN 

The procedure in the design of single-phase motors is in general the 
same as for polyphase motors. The more important differences will be 
discussed before proceeding with the examples. 

Windings. — The stator windings of single-phase induction motors 
are generally of the concentric coil type shown in Fig. 207. There are 



Fig. 208. 


usually 3 or more coils per pole each having the same or different 
number of turns. The winding arrangement shown in Fig. 207 is for a 
stator with 9 slots per pole. The inside coil spans 2 slots and the out- 
side coil 8. The coils can also be arranged as shown in Fig. 208, that is, 
the inside coil spans 3 slots and the outside coil 9 or full pitch. With 
this arrangement the number of turns in the outside coil must be one- 
half of the conductors in slot 1, the other half belonging to the outside 
coil of the adjacent pole. 


356 
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The current in the stator and rotor windings does not produce a 
pure sine wave of flux in the air gap but rather harmonic fluxes in addi- 
tion to the fundamental. Mr. Appleman 1 has shown how to determine 
these harmonic fluxes and the effect of winding distribution upon them. 


or 


Harmonic poles 



The harmonic order 


Harmonic poles 
Fundamental poles 


Harmonic order 



1 ± 



Mr. Appleman suggests calculating the number of harmonic poles for 
stator and rotor slots and for the difference between them and has found 
that a quiet-running motor will generally result if there are no harmonic 
fields with numbers of poles differing by less than 4. The number of 
stator slots is usually fixed by winding arrangement, number of poles, etc. 
The number of rotor slots must, therefore, be adjusted to meet the 
requirements given above. For motors with more than 2 poles quiet 
operation can generally be expected when the number of rotor slots is 
divisible by the number of pairs of poles of the fundamental and when 
the number of rotor slots differs from the number of stator slots by more 
than the number of poles. The stator and rotor slot openings, length 
of air gap, etc., also have an effect upon noise. The number of rotor 
slots must also be selected with regard to locking or points of low torque 
at starting (see page 317). In general that number of rotor slots should 
be selected that meets the requirements given above and has the smallest 
possible number of rotor teeth in line with stator teeth for any position 
of the rotor. 

Proper winding distribution will reduce harmonics of low order so that 
their effect will be small. The tooth harmonics, however, are not affected 
by winding distribution. To reduce their effect the rotor slots must 
be skewed, that is, the rotor slots pass from one end of the rotor core 
to the other diagonally instead of parallel to the shaft. If it is desired 
to have no voltage induced in the rotor bars from a given harmonic in 
the air gap flux wave, the rotor slots must be skewed so that both ends 
of the bar will cut flux from like harmonic poles. With 36 slots on a 
4-pole stator the air gap flux wave will have the seventeenth and nine- 


1 “The Cause and Elimination of Noise in Small Motors,” by W. R. Appleman, 
Electrical Engineering, Nov., 1937, p. 1359. 
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teenth tooth harmonics, which have 68 and 76 poles, respectively. 
To skew out the effect of these harmonics for a rotor with 26 slots, the 
bars must be skewed 1/34 X 26 = 0.765 bar or 1/38 X 26 = 0.685 bar. 
Since more than one harmonic is always present in the flux wave a com- 
promise must usually be made. Noise in electrical machinery is caused 
by the flux variations in the air gap which set the frame into vibration. 
Mr. Mikina 2 lists four modes of frame vibrations for electrical machinery 
and has found that modes 1, 2, and 4 arc eliminated if the rotor is skewed 
any integral number of slot pitches and that mode 3 can be eliminated 
by skewing 1.43 slot pitches or by making the rotor bars a multiple of 
the number of poles. 

The number of turns per pole may be distributed according to the 
sine law. The turns 1 required in each coil can then be found as follows: 

For Fig. 207, 

Coil 4-6 sin of 1/2 coil span = sin 2/9 X 90 = 0.342 
Coil 3-7 sin of 1/2 coil span = sin 4/9 X 90 = 0.643 
Coil 2-8 sin of 1/2 coil span = sin 6/9 X 90 = 0.866 
Coil 1-9 sin of 1/2 coil span = sin 8/9 X 90 = 0.985 

2.836 

Per cent turns per pole in coil 4-6 = 0.342/2.836 X 100 = 12. 10. 

Per cent turns per pole in coil 3-7 = 0.643/2.836 X 100 = 22.70. 

Per cent turns per pole in coil 2-8 = 0.866/2.836 X 100 = 30.60. 

Per cent turns per pole in coil 1-9 = 0.985/2.836 X 100 = 34.60. 

The same procedure can be used for the winding arrangement of Fig. 208 
except in determining the base for the per cent turn calculations one- 
half the sine of 90° must be used for coil 1-10. The per cent turns per 
pole required with this arrangement to give sinusoidal distribution are, 

Coil 4- 7 = 18.5. 

Coil 3- 8 = 28.3. 

Coil 2- 9 = 34.7. 

Coil 1-10 = 18.5. 

While sinusoidal distribution of the winding reduces the harmonics 
in the air gap flux wave to a minimum, good results are also obtained 
with non-sinusoidal distribution. For example: In Fig. 207 coils 3-7 
and 2-8 may have two times and coil 1-9 three times as many turns as 

2 “Effect of Skewing and Pole Spacing on Magnetic Noise in Electrical Machin- 
ery,” by S. J. Mikina, A.S.M.E. Trans., Vol. 56, Oct., 1934, p. 711; see also “Har- 
monic Theory of Noise in Induction Motors,” by W. J. Morrill, to be presented 
before the A.I.E.E. 
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coil 4-6, or coil 4-6 may be omitted and the remaining three coils wound 
with the same number of turns. 

The winding distribution factor for concentric-type single-phase 
windings is a weighted mean chord factor or pitch factor and is cal- 
culated by multiplying the chord factor of each coil per pole group by 
the turns in the coil and dividing the sum of these products by the total 
number of turns. The chord factor or pitch factor has been defined on 
page 296. For the winding in Fig. 207 with 9 slots per pole (see also 
sample design page 303), 

f c coil 4-6 = sin 2/9 X 90 = 0.342, 

fc coil 3-7 = sin 4/9 X 90 = 0.643, 

f c coil 2-8 = sin 6/9 X 90 = 0 866, 

f c coil 1-9 = sin 8/9 X 90 = 0 985. 

0 342 li-o + 0 643 / 3 _ 7 + 0 866 fe-s + 0 985 U 

^4—6 + U-7 + k-8 + ^1-9 

Split-phase and capacitor motors 3 require an auxiliary winding on 
the stator in addition to the main winding. This winding is placed at 
90° with the main winding and has a smaller conductor. In the split 
phase and capacitor start motors it is cut out by a centrifugal switch 
after the rotor has attained approximately 75 per cent of full-load speed. 
The auxiliary winding can be arranged and distributed as explained for 
the main winding. That winding arrangement and distribution will 
generally be used that gives the required starting torque at minimum 
cost. 

The repulsion start motor 3 has only the main winding on the stator. 
The rotor winding is the same as the armature winding on direct-current 
machines. 

Core Diameter and Length. — For fractional-horsepower motors it is 
probably more satisfactory to use output in watts instead of horsepower 
in the output equation 172. 



watts output 


The output constants shown in Fig. 209 are only approximate to provide 
a starting point when laying out a new design. The final dimensions 
should be determined after making preliminary calculations for two or 
more values of core dimensions to determine that gap diameter and 

8 “ Rewinding Small Motors,” by D. H. Braymer and A. C. Roe, McGraw-Hill 
Book Co., Inc., New York; “Fractional Horsepower Electric Motors,” by C. G. 
Veinott, McGraw-Hill Book Co., Inc., New York. 
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core length that will give the desired operating characteristics at mini- 
mum cost. The ratio of core length to gap diameter is generally from 
0.50 to 0.75. 

The flux per pole, assuming sine wave flux distribution in the air gap, 



Watts Output 
S.R.P.M. 

Approximate Output Constants for Split-Phase and 
Capacitor-Start Induction Motors for Continuous Duty 

Fig. 209. — Output constants single-phase motors. 


where E is the induced voltage and can in most cases be assumed equal 
to 0.95 E t for fractional-horsepower single-phase induction motors. 
The total flux 

. V<S> 


pE 45X10® 

“ fNxC w X U ^ 


where /«*, the flux distribution constant, is equal to 0.637 for sine-wave 
flux distribution. 

Many different types of single-phase motors for a variety of ratings 
and speeds are available today. Mr. C. G. Veinott 3 describes the per- 
formance and construction of the various types in his book. 

Sample Design 1: Design of a 1/4-Hp., 110-Volt, 1725-R.p.m., 60- 
Cycle, Single-Phase Resistance Split-Phase Induction Motor. — The 

full-load efficiency and power factor should not be less than 62.0 and 
60.0 per cent, respectively. The motor must have a locked rotor torque 
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at rated voltage not less than 90 per cent of full-load torque with a locked 
rotor current not to exceed 23 amperes. The maximum or breakdown 
torque must be not less than 185 per cent of full-load torque. The 
motor is to be of the open type, and the temperature rise of the windings 
must not exceed 40° C. for continuous full-load operation. 



Fig. 210. — Stator punching, split-phase induction motor. 


Stator . — The stator is to be designed with the punching shown in 
Fig. 210. The watt output = 0.25 X 746 = 186.5 watts, and the 
number of poles for 1800 s.r.p.m. 

/ X 2 X 60 60 X 2 X 60 . 

p = = = 4. 

1 n 1800 

The output constant from Fig. 209 is 303, and the core length, 

7 watts C 186.5 X 303 ork 
Uhl = 3.68 2 X1800 = ■' m< 

Preliminary calculations showed that reasonable magnetic densities 
could be obtained with a 2.0-in. core length. The stator tooth density 
can generally be from 90,000 to 110,000 lines per sq. in. for 60 cycles. 
If low losses and noise are important or if the motor is to be totally 
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enclosed then lower densities must be used. The grade and thickness 
of electric sheet steel must also be taken into account when determining 
stator tooth and yoke densities. For fractional-horsepower motors 
24-gauge 0.025-in., or 26-gauge 0.0185-in. armature or electrical grade 
are commonly used. 

The tooth width from Fig. 210 is 0.138 in., and the total tooth 
section 

S t , = w^l X 0.95 = 0.138 X 36 X 2.0 X 0.95 
= 9.44 sq. in. 

The stacking factor may be taken equal to 0. 95 for 24-gauge sheet steel. 
For a tooth density of 95,000 lines per sq. in. the total flux, 

<t> t = B t , X S t , = 95,000 X 9.44 
= 896,000 lines. 


The winding constant can not be calculated until the distribution of 
the winding is known. For the usual winding distributions, C w will lie 
between 0.75 and 0.85. For sinusoidal distribution and the winding 
arrangement of Fig. 207, C w = 0.795. 

The total number of conductors in series for the main winding 

^ pE t X 0-95 X 45 X 10 6 
m ~ f<t> t C wm f d 

4 x no X 0.95 X 45 X 10 6 
~ 60 X 896,000 X 0.795 X 0.637 
= 690. 


The turns in series per pole 

= Nm = 690 
P 2 Xp 2X4 


86 . 2 . 


The winding arrangement shown in Fig. 207 must be used for the 
main winding. The shallow slots will then lie in the pole centers of the 
main winding. For sinusoidal distribution the number of turns for 
each coil will be as follows : 

Coil 4-6 = 0.121 X 86.2 = 10.42; use 10. 

Coil 3-7 = 0.227 X 86.2 = 19.60; use 20. 

Coil 2-8 = 0.306 X 86.2 = 26.40; use 26. 

Coil 1-9 = 0.346 X 86.2 = 29.90; use 30. 


Total 86 turns. 
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The winding constant is then 

sin 2/9 X 90 = 0.342 X 10 = 3.42 
sin 4/9 X 90 = 0.643 X 20 = 12.86 
sin 6/9 X 90 = 0.866 X 26 = 22.50 

sin 8/9 X 90 = 0.985 X 30 = 29.60 

„ 68.38 „ 

Cwm — — 0.795. 

oo 

Since no change has been made in the total number of conductors and 
winding constant, the total flux will remain as above. 

For the efficiency and power factor to be met the input current 

hp. X 746 0.25 X 746 

“ E t X eff. X P.F. 110 X 0. 62 X 0. 60 
= 4.56 amperes. 


For economical reasons the current density in the stator conductor is 
made as high as temperature or efficiency guarantees will permit. It 
depends upon whether the motor is open or enclosed and if open what 
kind of ventilation it has, the method of insulating the winding, etc. 
For open-type motors split-phase, capacitor and repulsion start, the 
current density can usually be from 2500 to 3000 amperes per sq. in. 
For enclosed motors much lower values must be used. For a current 
density of 2800 amperes per sq. in. and a one-circuit winding the section 
area of the stator conductor for main winding 


Sam 


I 

0/ X A am. 


4.56 
1 X 2800 


0.00163 sq. in. 


A No. 17 round wire has an area of 0 00159 sq. in. With this conductor 
and the number of turns given above the motor can be used only on 
110 volts. If the winding is to be arranged so that it can be used on 
220 volts also, the number of turns must be doubled and a conductor 
of one-half the section area must be used. The winding was carried 
out in this way. The total number of turns per pole are, then, 
2 X 86 = 172, and the conductor No. 20 round single cotton-covered 
enamel wire which has a section area of 0.000804 sq. in. The current 
density with this conductor 

7 4.56 

m aXsam ~ 2 X 0.000804 
= 2840 amperes per sq. in. 
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The stator slots do not all have the same number of conductors, and 
some contain both main winding and auxiliary winding conductors. 
The auxiliary winding conductor has a small section area, and its effect 
on the size of the slot is small. Generally the main winding coil with 
the largest number of turns will determine the size of the stator slot. 
For partly closed slots the insulation between core and coils is placed in 
the slot as slot lining. For 110- and 220-volt motors this slot lining 
consists of a treated paper or of a paper and varnished cloth combina- 
tion 0.015 in. thick. Small motors are quite commonly wound with 
plain enamel wire; enamel single cotton-covered, cellophane-covered 
or paper-covered wire is also used. For high-temperature applications 
spun-glass-insulated wire should make an excellent conductor. The 
ratio of the insulated conductor area to the slot area can generally not 
exceed 0.35. It is possible to get the conductors into the slot with a 
ratio greater than 0.35, but the added time required to wind the stator 
makes the use of higher ratios impractical. The insulated area of 
No. 20 s.c.c.e. wire = 0.039 2 X 0.785 = 0.001195 sq. in., and the total 
conductor area per slot = 60 X 0.001195 = 0.0716 sq. in. The slot 
area for this purpose is calculated by multiplying the mean width by 
the depth. The average slot width 

(D + d n )r (3 68 + 0 75)7 r _ 

Wsa = Wt = — 0 . 138 

n s ub 

= 0 249 in., 
and the slot area 

= 0 249 X 0 75 = 0 187 sq. in. 


The ratio of insulated conductor area to slot area 


0 0716 
0 187 


0383. 


This ratio is higher than given above, and considerable difficulty was 
experienced when placing the conductors in the slots. 

The double radial depth of the stator yoke 

d V8 = Do - (D + 2 d 88 ) = 6 125 - (3 68 + 2 X 0.75) 

= 0 945 in. 


The flux per pole 

= E t X 0 95 X 45 X 10° __ 110 X 0 95 X 45 X 10 6 
* ~ fN m C wm ~ 60 X 688 X 0.795 

= 143,000 lines. 



SPLIT-PHASE INDUCTION MOTOR 


365 


The density in the stator yoke 

t = 143,000 

ya ” d va X l X 0.95 0.945 X 2.0 X 0.95 

= 81,400 lines per sq. in. 

Rotor . — The length of the air gap for fractional-horsepower motors 
is usually made smaller than the value by equation 181. For fractional- 
horsepower motors the air gap length can be determined approximately 
by the following empirical equation, 

=0.005 + 0.00035D + 0.001Z + 0.003^/1000 
= 0.005 + 0.00035 X 3.68 + 0.001 X 2.0 + 0.003 X 1.66 
=0.0133 in. 


The outside diameter of the rotor punching, see Fig. 211, is 3.657 in.; 
the air gap length is, then, 

= i(3.680 - 3.657) = 0.0115 in. 


The rotor punching, Fig. 211, has 48 slots, which with the 36 stator 
slots meets all the requirements for a quiet motor. 

The total stator copper section for main winding 

S cs = N m m a as s = 688 X 1 X 2 X 0 000804 = 1 . 108 sq. in. 


A high rotor resistance is desirable from the standpoint of starting 
torque and current but leads to a high slip. The ratio of total rotor 
copper section to total stator copper section can in general be the same 
as for polyphase motors (see page 320). Cast aluminum is used for the 
squirrel-cage winding of this motor. Since the aluminum generally 
used for this purpose has a conductivity 50 per cent that of copper, the 
total bar area must be two times the area required for copper. The 
area of the slot is also the bar area and is, from Fig. 211, 0.0303 sq. in. 
The ratio of total rotor conductor section to total stator copper section 
is, then, 


Scr __ 0 0303 X 48 
S C8 ~ 1.108 


1.315. 


This is a rather low ratio and will lead to a rather high slip at full load. 
By using a smaller number of turns in the stator with consequent higher 
magnetic densities in stator teeth and yoke this ratio can be increased. 

The end ring section is calculated as explained on page 321 and for 
aluminum must be two times as large as for copper. The end ring for 
this motor is cast integral with the bars and has a section area 

S cr = 0 . 124 sq. in. 
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The rotor tooth and yoke densities might, from the standpoint of 
losses, be considerably higher than those of the stator, because the rotor 
frequency at normal operating speed is very low. Because of the high 
magnetizing current that would result the rotor magnetic densities are 



Fig. 211. — Rotor punching, M-hp* split-phase induction motor. 


only slightly higher than the corresponding stator densities. The sec* 
tion area of the rotor teeth 

s t = wJS T 0.95 = 0.082 X 2 X 48 X 0.95 
= 7.48 sq. in. 


The final value of the total flux 

_$p_ 143,000 X 4 
ft ~ 0.637 


897,000 lines. 


The flux in the rotor is less than the flux in the stator because of the 
stator leakage flux. The field leakage flux factor can be taken equal to 
0.95, and the rotor tooth density 
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The radial depth of the rotor yoke 

\dyr = (Dr - 2 d,r - D,)\. 

When ventilating holes are used in the rotor yoke Z)» is the diameter of a 
circle at outside of holes; if these holes are round, one-third the radius 
should be added to the radial depth. For round-bottom rotor slots 
one-third of the radius at the bottom of the slot should be added to the 
radial yoke depth. 

dyr = 3.657 - (2 X 0.283 + 0.75) + 0.042 
= 2 . 383 in. 


The rotor yoke density 

0X 0.95 143,000 X 0.95 

I ' r ~ d yr l X 0. 95 2.383 X 2 X 0. 95 

= 30,000 lines per sq. in. 


The air gap density 


897,000 X 0.95 
it X 3.68 X 2.0 


36,900 lines per sq. in. 


Operating Characteristics . — The ratio of stator slot opening to air 
gap length 


0.080 

0.0115 


= 6.95. 


From the curve, Fig. 53, y = 2.77, and the air gap coefficient for the 
stator slot 

tu 0^21 

' w Ul + (yd) 0.241 + (2.77 X 0.0115) 

= 1.175. 


For the rotor slot opening, 

t lr 0.239 

r ~w ltl +(y8) 0.209 + (1.66 X 0.0115) 
= 1.048. 


The air gap coefficient 

k = k,X k r = 1.175 X 1.048 = 1.23. 


The saturation factor, which is the ratio of the total ampere-turns for 
the magnetic circuit to the air gap ampere-turns only, is difficult to 
predetermine from direct-current magnetization curves. The shape of 
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the magnetizing current wave is not sinusoidal because of the non-linear 
nature of the magnetization curve of the core material. By use of 
alternating-current magnetization curves 4 the magnetization char- 
acteristics can be fairly accurately calculated. 

For single-phase induction motors the saturation factor will usually 
lie between the limits 1.10 and 1.35. When the magnetic densities in 
the teeth and yoke are low the low value applies, and when high, a 
higher value must be used. This motor has rather high magnetic 
densities in the magnetic circuit, and F a is chosen equal to 1.25. 

The length of the half mean-turn for each of the coils per pole of a 
concentric type winding 

4-2 (D + d a ) 

= 7 slots spanned + l. 

o. 


In this expression 4.2 is used instead of t to take into account the 
extension of the coil beyond the stator core. If the coils are wound 



Fig. 212. — Winding distribution, J+hp. split-phase induction motor. 

close together in the end connections, 4 can be used instead of 4.2. The 
sum of the products of one-half mean-turn of each coil by turns per coil 
divided by the turns per pole is the weighted one-half mean-turn of the 
winding. Figure 212 shows the winding distribution for the j-hp. 
split-phase motor design, and the length of the half mean-turn is cal- 
culated as follows: 

|"4. 2(3. 68 + 0.75) 1 

I ^ - X 2 + 2. Oj 20 = 60.80 

[0.518 X 4 + 2.0] 40 = 162.80 
[0.518X6 + 2.0] 52 = 266.00 
[0.518X8 + 2.0] 60 = 368.40 


858.00 

172 


5.0 in. 


4 See Technical Bulletin 3, Carnegie-Illinois Steel Corp., for d-c. and a-c. mag- 
netization curves for the grades of electric sheet steel used in electrical apparatus. 
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The resistance of the main stator winding 

= X 0.692 _ 5.0 X 688 X 0.692 

"* as,m X 10 6 “ 2 X 0. 000804 X 10 6 

= 1.48 ohms at 25° C. 

= 1.48 X 1.15 = 1.70 ohms at 65° C. 



Ratio 

w S3 


Fig. 213. — Slot reactance factor. 


The rotor bars for this motor are skewed 1.85 slot pitches, or 
1.85 X 0.239 = 0.442 in. The length of the rotor bar is, then, 

l b = V2.0 2 + 0.442 2 = 2.05 in. 

The inside diameter of the end ring is 3.28 in., and the outside diameter 
3.60 in. From Fig. 194, K r \^ = 0.97, and the rotor resistance in 
terms of the main winding of the stator (see page 333), 

D N m 2 C wn ?mr( l b t 0.64 Ar r 

io« \ Si N b + i^r K ^ 

_ 688 2 X 0.795 2 X 2 X 0.692 / 2.05 0.64 X3.60 \ 

10 6 \0.0303 X 48 + 4 2 X0.124 ° -97 / 2 
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= 2.12 ohms at 25° C. 

= 2.12 X 1.15 = 2.44 ohms at 65° C. 



The rotor resistance determined from the locked rotor test will be higher 
than the calculated value and is the effective resistance of the rotor 
winding at starting. For normal operating speeds the rotor resistance 
is very nearly equal to the direct-current resistance. The difference 
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between the locked rotor resistance and the direct-current resistance is 
greater for deep rectangular slots than for shallow or round slots. For 
round slots the locked rotor resistance from test was found to be approxi- 
mately 10 per cent higher than the calculated direct-current resistance 
of the rotor winding. 

The method of calculating the leakage reactance is in general the 
same as used for polyphase machines; some changes must, however, be 
made because of the different type of slot and winding used on single- 
phase induction motors. Practical design experience has shown that 
the leakage reactance equations below give sufficiently close results for 
the design of most fractional-horsepower induction motors. 


X , = 2irfNjC wm 2 x 10- 8 



ohms. 


The stator and rotor slot factors, F 88 and F ary are calculated as shown 
in Figs. 213 and 214. 

The zigzag leakage reactance for stator and rotor in terms of main 
winding 


X, = 2TfN n ?C wm H0-* 


2.13 1 (w ta i + Wtrl) 2 

S s 8 _ . 4(Zi a + hr) . 


ohms. 


The end connection leakage reactance 


= 2ir fNJCvJW-* [ 
The skew leakage reactance 


t r(D + d 8 ) av. coil span! 


S 8 p 


ohms. 


x. k = X m K p ohms, 


where 0 8k is the rotor bar skew expressed in radians and is equal to tt 
divided by rotor slots per pole times number of bars skew, and K p is 
the stator leakage flux factor which can be taken equal to 0.95. 

The magnetizing reactance 5 

0 645Zr 

X m = m 2 C wm 2 10 — ohms. 

8kpF a 

F 8i the saturation factor, has been explained on page 367. Mr. P. H. 
Trickey 6 * gives a method of calculating the leakage reactance for the 
shaded pole motor. 

6 See also “Characteristic Constants of Single-Phase Induction Motors, Part I: 

Air Gap Reactances,” by W. J. Morrill, Elec. Eng., March, 1937, p. 333. 

8 “An Analysis of the Shaded Pole Motor,” by P. H. Trickey, Elec. Eng., Sept., 
1936, p. 1007. 
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The total leakage reactance of the stator main winding plus rotor in 
terms of the main winding of the stator 

Xim = X 9 + X e + X e + X 8 jc ohms. 

The open-circuit reactance, the reactance of the stator main winding 
with secondary open, 

X 0 = X n + ^ ohms. 

JU 


The leakage flux factors 

A'o Af 

Kr = v 

Ao 


and K p = 


Xo - X lm 
X 0 


The constant term for the various reactances 

= 2w X 60 X 688 2 X 0.795 2 X 10~ 8 = 1.128. 


For the stator slot 


w , 2 _ 0 . 194 
w, 3 0.314 


From Fig. 213, 0 = 0.530, and 


= 0.618. 


it. n con 0 69 , 0 03 , 2 X 0 03 

" 30 0.314 + 0.08 + 0.08 + 0.194 ~ ' 

For the rotor slot, 

w.2 0.144 , d, 0.118 „ OIT 

— = - — = 1.14 and — = - = 0.937. 

w , 3 0. 126 w,i 0. 126 

From Fig. 214, 0 = 0.37, and 

„ „„ , 0.03 , 2 X 0.072 

* r_ ' + 0.03 + 0.03 + 0.144 ~ ’ ‘ 

X, = 1.128 [ 6 38 3 g 2 ° ] [l.864 -f- || 2.2oJ = 1.40 ohms. 


X. = 1.128 


X. = 1.128 


r 2. 13 X 2.0 1 r (0.241 + 0.209) 2 1 
L36 X 0.0115J L4(0.321 + 0.239) J “ 1 
r. 314X4.43X _ 5 l Q545 

L 36 X 4 J 


05 ohms. 


x, , in of 0.645 X 2.0 X 2.89 ] _ , , 

X -~ 112S Lo. 0115 Xl. 23 X 4 Xl. 25 j “ 59 '“ ohmS - 


X. k = 59.4 


0.484 2 


0.95 = 1.10 ohms. 
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The leakage reactance 

X lm = 1.40 + 1.05 + 0.545 + 1.10 = 4.095 ohms. 


y Y , Xl m rQ . . 4.10 
Xo = X m -) — — = 59.4-1 — — 

2 


61 . 45 ohms. 


The leakage flux factors 

K r = 


01.45 - 4.10 
01.45 


0.933; 


K p = VK r = V0. 933 = 0.965. 


The core loss is calculated as explained on page 330 for polyphase 
machines. 

The weight of the stator teeth 

G cl = 0.138 X 2.0 X 0.93 X 3G X 0.75 X 0.278 
= 1.971b. 


The loss per pound for the tooth density, 95,000 lines per sq. in., for 
the armature-grade 24-gaugc electric sheet steel is 4.45, and the loss 
in the stator teeth due to the fundamental frequency flux 

Wet = 4 45 X 1.97 = 8.75 watts. 

The weight of the stator yoke 


Gey = 7 16 . 125 2 - (3.68 + 2 X 0.75) 2 ]2.0 X 0.93 X 0.278 
4 

= 4.30 lb. 

For armature-grade 24-gauge electric sheet steel the loss per pound for 
the stator yoke density is 3.12, and the loss in the yoke due to the 
fundamental frequency flux 

W cy = 3.12 X 4.30 = 13.4 watts. 

The total core loss 

W c = (8.75 + 13.4)2.2 = 48.6 watts. 

The bearing friction and windage loss will depend upon the type of 
bearing to be used, whether ball bearing or sleeve bearing. For sleeve 
bearings and 1725 r.p.m. it is usually from 4.0 to 8.0 per cent of the 
watt output. The high value applies to small motors below f-hp. 

The friction and windage loss is taken equal to 6.0 per cent of the 
watt output for this design, or 186.5 X 0.06 = 11.2 watts. 

The operating characteristics are calculated by the analytical method 
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prepared by Mr. Veinott. 7 The speed at maximum torque can be deter- 
mined from the curve, Fig. 215, which is from this same paper. The 
calculations are shown for full-load and maximum torque only. By 
assuming suitable values of slip the operating characteristics can be 
calculated for any desired load. 

Auxiliary Winding . — The purpose of the auxiliary winding or start- 
ing winding is to produce a revolving field at starting and thereby 
provide torque to bring the rotor up to speed. This winding is connected 
in parallel with the main winding, and when the rotor has attained 
approximately 75 per cent of normal speed a switch, usually of centrif- 
ugal type, opens the auxiliary winding circuit. In order that the 



Rrm 

Xlm 

Spo = % S.R.P.M. at Pull-Out Torque 


Fig. 215. — Speed at maximum torque, single-phase induction motors. 

auxiliary winding can produce a revolving field the flux it sets up must 
be out of phase with the flux of the main winding. The number of 
turns of the main winding must satisfy the requirements of the core, 
and the size of conductor the current requirements of the load. The 
reactance is, therefore, high with low resistance. The auxiliary winding 
must then have constants just the reverse of those for the main winding 
if the flux it produces is to be appreciably out of phase with the main 
winding. It is not possible to obtain a 90° angle between the two flux 
waves in a resistance split-phase motor. The phase angle between the 
auxiliary winding current and voltage should generally be f of that for 
the main winding. 

The starting torque of resistance split-phase motors can be cal- 

7 “ Performance Calculations on Induction Motors,” by C. G. Veinott, A.I.E.E. 
Trans., Vol. 51, Sept., 1932, p. 745; see also “Single Phase Induction Motors.” 
by W. J. Branson, A.I.E.E. Trans., Vol. 31, Part II, 1912, p. 1749. 
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PERFORMANCE CALCULATIONS, SINGLE-PHASE INDUCTION MOTORS 
A Hp 110 Volts 1800 Sr pm 
Motor Constants 


Line volts — E 

= 

110 

Reactance — X i m 

= 

4 1 

Xo 

= 

61 5 

Ram at 65° C 

— 

1 70 

R rm at 65° C 

= 

2 44 

tt __ \ Xo Xim 

Kp V Xo 

= 

0 966 

= 0 595 

Xlm 

Rrm 

Xo 

0 0396 

Im = ~y 1 79 ImRrm ~ 

4 37 

Fi = (2 - X p 2 )if rm 

as 

2 60 

Fi — (^Ram~^~Rrm)Rrm/X o — 

0 232 


Fs — (ImRrm)Rrm/Xo 

F i — (I mltrin)2 

F $ = (1 m.ltrrn)Kp 

F* - [{lmRrm)Kp] 2 Rrv 

F 7 = EK V 
Fs = CEK p ) 2 R rm 
„ _ Core loss (m) 


Core loss (m) 

Core loss (c) 

1 notion and windage loss 


0 173 
8 74 
4 21 
43 2 
106 2 
27,500 

0 221 

24 3 
24 3 
11 2 


(Core loss (m) = core loss (c) 

= | total core loss) 


*1 

s = rpm/srpm 

0 966 

0 81 

*2 

6 2 

0 933 

0 656 

*3 

(1 - s 2 ) 

0 067 

0 344 

*4 

(1 - S 2 )7( sm 

0 114 

0 585 

*5 

Fi 

2 60 

2 60 

*6 

u = (4) + (5) 

2 714 

3 185 

*7 

(1 - 6 2 )A tm 

0 275 

1 41 

*8 

f 2 

0 232 

0 232 

*9 

w = (7) - (S) 

0 043 

1 178 

*10 

Vt/ 2 + w- 

2 714 

3 40 

11 

(1 - « )E 

7 37 


12 

Fz 

0 173 


13 

M = (11) - (12) 

7 197 


14 

Foil 

0 600 


15 

N = (13) + (14) 

7 797 


16 

VN‘ + t t - 

11 700 


17 

/, = (16)/ (10) 

4 310 


18 

(i - ' )n 

7 12 


19 

\/ (is) 4 - b b 

8 27 


20 

U = (19)/ (10) 

3 05 


21 

sf’ 6 

4 06 


22 

I, = (21)/(10) 

1 50 


*23 

(1 - s *)F» 

1840 00 

9460 0 

*24 

F, 

43 20 

43 2 

*25 

(23) - (24) 

1796 80 

9416 8 

26 

Prim coppir loss = 7i s /( sm 

31 60 


27 

ScC ( Oppi r loss (m) = 1 2 11 rm 

22 70 


28 

Sec copp< r loss (c) = 1 3 R rm 

5 50 


29 

Core loss (to) 

24 30 


*30 

(25) X (2)/(10) 2 

228 00 

535 0 

31 

Input = (26) + (27) + (28) + (29) + (30) 

312 10 


*32 

Core loss (c) + ( F and W’) 

35 50 

35 5 

*33 

Output = (30) - (32) 

192 50 

499 5 

*34 

Rpm = sXsrpm 

1739 00 

1460 

*35 

Torque = 112 6 X (33)/ (34) 

12 48 

38 4 

36 

Efficiency = (33)/ (31) 

61 70 


37 

p r = (3i) /Eh 

65 80 


38 

App eff = (36) X (37) 

40 60 


39 

Per cent full-load 

103 

318 


* To calculate output and torque only 
From A1LL lrans , Vol 51, bept , 1932 
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culated by the equation given by Mr. C. R. Boothby 8 for the capacitor 
motor by omitting the capacitor terms. 


T 9 = 


1 . 88 pE 2 KRrm RgXlm — RmXla 

f Z m 2 Za 2 


oz-ft. 


This equation does not take into account the effect of magnetizing cur- 
rent. Mr. P. H. Trickey gives the following multiplying factor to take 
this into account: r v i 


1 + 



This factor can for most cases be taken equal to K r . If the components 
of R a and R m are substituted into the starting torque equation and the 
derivative 9 with respect to R aa set equal to zero, the value of auxiliary 
winding resistance can be found to give maximum starting torque. 
For given main winding constants the starting torque will be maximum 
when 


From the ratio, 


R aa = K 2 (R am + Z m ). 


K = 


N a^wa 

N. nX^wm 


the number of conductors of the auxiliary winding can be determined. 
The section area of the conductor can then be calculated to give the 
required resistance when the length of the half mean-turn of the winding 
is known. The auxiliary winding is similar to the main winding, and 
the half mean-turn can easily be estimated. It is not always possible 
to use the auxiliary winding that gives maximum starting torque for a 
given value of K because of the current capacity of the conductor. 
Since the auxiliary winding is in service only during the starting period, 
a few seconds, the current density in the conductor may be very high 
but should not exceed 42,000 amperes per sq. in. In the books referred 
to in the footnote on page 359 the methods used for forming the coils 
for both main and auxiliary winding and of winding small motors are 
very thoroughly explained. 

For the auxiliary winding for the J-hp. split-phase motor design a 

8 Discussion of the papers, “The Condenser Motor,” “The Fundamental Theory 
of the Capacitor Motor,” and “The Revolving Field Theory of the Capacitor Motor,” 
by C. R. Boothby, A.I.E.E. Trans., Vol. 48, April, 1929, p. 629; for other methods 
of calculating starting torque see “Starting Torque of Split-Phase Motors,” by 
A. F. Puchstein and T. C. Lloyd, Product Engineering, Feb., 1938, p. 87. 

9 See “Alternating Current Machines,” by A. F. Puchstein and T. C. Lloyd, John 
Wiley & Sons, New York. 
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No. 25 s.c.c.e. wire was used and the value of K determined which 
would give the desired starting torque with a safe current density in the 
conductor. This wire size was used because it was available although 
it is smaller than is common practice. Generally the auxiliary winding 
conductor is 6 sizes smaller than the main winding conductor. The 
preliminary calculations to determine the ratio of effective auxiliary 
winding conductors to effective main winding conductors are not shown 
here. From these calculations, K = 1.25. Then 

N a Cwa = KNmC„m 

= 1 25 X 088 X 0.795 
= 083. 


The winding distribution factor, C wa , will be large with the winding 
arrangement selected and is assumed equal to 0.90. Then 


N a 


084 

0.90 


700. 


The skein type of winding was selected, which determined the winding 
arrangement. The inside or short span coil has as many turns as the 
skein; the next coil, 2 times that number; and the third coil, 3 times the 
number of turns in the skein. With 15 turns per skein the number of 
turns per pole will be 90 and N a = 90 X 8 = 720. The winding con- 
stant is found as follows: 


sin 5/9 X 90 = 0.766 X 15 = 11.50 

sin 7/9 X 90 = 0.940 X 30 = 28.20 

sin 9/9 X 90 = 1 . 00 X 45 = 45.00 


0.942. 


= 720 X 0.942 = 

688 X 0.795 ' ' 


The length of the half mean-turn is calculated as explained for the main 
winding instead of the stator diameter through the middle of the slot; the 
diameter below the wedge is used because the auxiliary winding occupies 
only a small space just below the wedge. 

.2 X (3.68 + 0.12) 


4J 


36 


X 5 + 2 


.0 15 = 


63.2 


[0.443 X 7 + 2.0] 30 = 153.0 
[0.443 X 9 + 2.0]45 = 270.0 


L. a = 


486.2 

90 


= 5.4 in. 
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The resistance of the auxiliary winding 
5.4 X 720 X 0.692 
Rta ~ 1 X 0.000252 X 10 6 ~ 


10.67 ohms at 25° C. 


The rotor resistance in terms of the auxiliary winding 

Rra = K 2 Rrm = 1.24 2 X 2. 12 = 3.26 ohms at 25° C. 

The total leakage reactance in terms of the auxiliary winding 
X la = K 2 X lm = 1.24 2 X 4. 1 = 6.31 ohms. 

For the purpose of calculating the starting current and torque the 
equivalent rotor resistance is increased 15 per cent to take into account 
skin effect. The total resistance of the main winding at 25° C. 

Rm = Rsm + Rrm X 1.15 - 1.48 + 2.12 X 1-15 
= 3.92 ohms. 


The total impedance of the main winding at 25° C. is, then, 
Z m = V3.92 2 + 4. I 2 = 5.67 ohms. 

For the auxiliary winding, 

Ra = Rsa + Rra X 1 . 15 = 10.67 + 3.26 X 1.15 
= 14.42 ohms at 25° C., 


and 


Z a = V14.42 2 + 6.31 2 = 15.70 ohms. 


The short-circuit or locked rotor current in the main winding 
E 110 

/.,» = —= r-T= = 19.40 amperes; 

5 . o7 

and in the auxiliary winding 
E 110 

~ Z. " 1^70 " r ° anlper0S ' 

The current density for the auxiliary winding at starting is then 

= 0^52 = 27)800 ampCTeS per 8q - in ‘ 

The locked rotor current for both windings in parallel can easily be 
shown to be equal to 

j Iam(Z m + Z a ) 

— “ 


19.40(5.67 + 15.70) 
15.70 


= 26.40 amperes. 
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The starting torque, 


1.88 P W^ RcXlm - RmXla 
* / Z n *Z* 

m 1.88 X 4 x no 2 x 1.24 X 2.44 14.42 X 4.1 - 3.92 X 6.31 „ „„„ 
T 9 — ^ .... 0.933 


60 


5.67 2 X 15. 70 2 


= 18.5 oz-ft. 


Full-load torque 

_ watts output X 112.6 ___ 186.5 X 112.6 
r.p.m. 1725 

= 12.2 oz-ft. 


The starting torque in per cent of full-load torque is 152.0 per cent. 

The tested value of locked rotor current with windings at room 
temperature is 24.7 amperes with a starting torque of 15.0 oz-ft. The 
constants of the motor were determined from test by the method 
proposed by C. G. Veinott. 10 The results from the running light and 
locked rotor tests are as follows: 

R 8 m = 1.67 ohms 25° C.; R ta = 10.6 ohms at 25° C. 

The locked rotor resistance, Rrm = 2.95 ohms at 25° C. 

Xi m = 3.8 ohms, Xo = 60.9 ohms, 

K r = 0.937, K p = 0.967. 

The guaranteed values on the design sheet are the minimum values 
specified in the N.RM.A. standards. The test values of efficiency 
and power factor for full-load are given on the design sheet. 

The stator main winding resistance was calculated for form-wound 
coils; in winding this motor, hand winding was used. This method of 
winding, unless carefully carried out, will lead to a longer mean-turn 
and consequent higher resistance than is obtained with a form winding. 
The difference between calculated and test values of efficiency, starting 
torque, and current is due to the high main winding resistance. 

The stator winding design and the calculations for this motor were 
made by R. W. Saunders for the senior electrical design course. He also 
wound the stator and tested it. The results of the test are given above. 

10 “Segregation of Losses in Single Phase Induction Motors,” by C. G. Veinott, 
Elec. Eng., Dec., 1935, p. 1302. 
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SINGLE-PHASE INDUCTION MOTOR DESIGN SHEET 


Bp, ^ Sr pm, 1800 Cycles, 60 Poles, 4 \ olts, 110 Amps, 4 3 



Stator 

Rotor 


Stator 

Rotor 

Outside diameter 

6 125 

3 657 

looth face 

0 241 

0 209 

Inside diameter 

3 680 

0 75 

Tooth width 

0 138 

0 082 

Length 

2 00 

2 00 

Depth below slot 

0 473 

1 19 

Number of slots 

36 

48 

Slot factor 

1 175 

1 048 

Tooth pitch 

0 321 

0 239 

Tot il ( onductor section 

1 108 

1 455 


003 003 




Slot number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

Stator main 


20 

40 

52 

60 

60 

52 

40 

20 


20 

40 

52 

60 

60 

52 

40 

20 



Stator auxiliary 

45 

30 






15 

30 

45 45 

30 

15 




: 

15 

30 

45 



Winding 

Main 

Auxiliary 

Rotor 


Conductor size 

20 s c e e 

25 s c c e 

Bar section 

0 0303 

area 

0 000804 

0 000252 

length 

2 05 

Amps per sq m 

Half mean-turn 

2680 

27,800 

material 

aluminum 

5 0 

5 4 

skew bars 

1 85 

Conductors in series 

688 

720 

End ring section 

0 124 

Weight, lb 

0 795 

0 942 

material 

aluminum 

1 80 

0 314 

diam outside 

3 60 



diam inside 

3 28 


Gap length 0 0115 Gap coefficient 1 23 Pole pitch 2 89 

Total flux 897,000 fd 0 637 Flux per pole 143,000 



Section 

Density 

Weight 

C ore Loss 

Stator teeth 

9 44 

95,000 

1 97 

8 75 

Stator yoke 

1 80 

81,400 

4 30 

13 40 

Rotor teeth 

7 48 

114 000 


22 15 

Rotor yoke 

4 53 

30,000 


X2 2 

Air gap 

23 10 

36,900 


48 60 


R tm 1 48 ohms at 25° C 

R rm 2 12X1 16 ohms at 25° C 
Rm 3 92 ohms at 25° C 


R 9a 10 67 ohms at 25° C 
R ra 3 75 ohms at 25° C 
R a 14 42 ohms at 25° C 


Xlm 4 1 ohms 
/ m 5 67 ohms 
K 1 24 ohms 


Xia 6 31 ohms 
Z a 15 70 ohms 
Xq 61 50 ohms 



Full Load 

Torque 

Locked 


Amps 

Watts 

Eff 

PF 

App Eff 

Rpm 

Max 

Start 

Amps 

Guar 

4 6 

301 

62 0 

60 0 

37 2 

1725 

22 5 

11 0 

23 0 

Calc 

4 3 

302 

61 7 

65 8 

40 7 

1739 

38 4 

18 5 

l 26 4 

Test 

4 4 

327 

57 0 

67 0 

38 2 

1726 

31 6 

15 0 

24 7 



Designed by R M Saunders 
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Design 2. Design of a 1/2-Hp., 110-Volt, 1725-R.P.M., 60-Cycle, 
Single-Phase Capacitor Start Induction Motor. — The full-load efficiency 
and power factor to be not less than 70 and 70 per cent, respectively. 
The locked rotor torque should be 200 per cent of full-load torque 
with a locked rotor current not over 35 amperes. The breakdown 
torque should be 200 per cent of full-load torque. The motor is to 
be of the open type with the temperature rise of the windings not above 
40° C. for continuous duty. 

The author prepared the mechanical as well as electrical design of 
this motor with drawings and specifications and supervised the making 
of assembling fixtures and tools for the Department of Mechanical 
Engineering, Minnesota Institute of Technology. The motor is to be 
built by electrical and mechanical engineering students as a shop course 
for instruction in production methods. The dies and tools were 
designed and made by Eric Rosendahl, tool and instrument maker in 
the Department of Mechanical Engineering. 

Stator . — The watt output = 0.50 X 746 = 373 watts. The motor 
will have 4 poles, and the s.r.p.m. is 1800. The output constant from 
Fig. 209 is 225, and 


DH = 


373 X 225 
1800 


46.6. 


With a ratio of core length to gap diameter equal to 0.60, 


D = 



4.26 in. 


The core length for this diameter 


373 X 225 
4 . 26 2 X 1800 


2.57 in. 


Preliminary calculations were made for gap diameters of 4.25 and 4.50 in. 
The core dimensions finally selected are 

D = 4.375 in., I = 2.56 in. 


The core laminations are punched from electrical grade sheet steel 
26 gauge, 0.0185 in. thick. The stator will have 36 slots, and the tooth 
width is made 0.13 in. The total stator tooth section 


5m = wJS. X 0.93 = 0.13 X 2.56 X 36 X 0.93 
= 11.12 sq. in. 

The staking factor is taken equal to 0.93. 
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For a tooth density of 105,000 lines per sq. in. the total flux 
4> t = B t . X = 105,000 X 11.12 = 1,170,000 lines. 

The winding arrangement selected for the main winding is the one 
shown in Fig. 207. The winding distribution factor with sinusoidal 
distribution of the turns per pole is then 0.795 (see page 363. The 
number of series conductors in the main winding 

_ pK X 0.95 X 45 X 10° 

" " f<t> t C wn fa 

4 X 110 X 0.95 X 45 X 10 8 
60 X 1,170,000 X 0.795 X 0 637 


To obtain a small conductor size which is easier to wind, and also to 
make it possible to use the motor on 110- or 220-volt supply, the winding 
is arranged in 2 parallel circuits. The number of turns per pole 


aN m _ 2 X 530 
2 Xp~ 2X4 


132.5. 


For sinusoidal distribution the number of turns required in each coil 
are (coil 1 is the inside or short span coil) 

Coil 1 = 0.121 X 132.5 = 16.0; use 16 

Coil 2 = 0.227 X 132.5 = 30.1; use 30 

Coil 3 = 0.306 X 132.5 = 40 5; use 40 

Coil 4 = 0.346 X 132.5 = 45.8; use 46 


The conductors in series are, then, 


N m = 


ptp X 2 

a 


4 X 132 X 2 
2 


t p = 132 
528, 


and the final value of the flux per pole 

110 X 0 95 X 45 X 10 fl 


<t> = 

The total flux 

= 


60 X 528 X 0. 795 
187,000 X 4 


= 187,000 lines. 


0.637 

The stator tooth density 


= 1,172,000 lines. 


B t , = = 105,200 lines per sq. in. 


11.12 
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To determine the input current of the motor the apparent efficiency 
or product of power factor and true efficiency must be assumed. For an 
apparent efficiency of 0.49 the input current 
T 0 50 X 746 „ _ 

1 - 110 X 0 49 " 6 92 ampercs - 


A current density of 2700 amperes per sq. in. is assumed; see page 363. 
The main winding conductor section 


a X A 8 , 


6 92 

2 X 2700 


= 0 00128 sq. in. 


For the stator main winding conductor No. 18 s.c.c.e. wire will be used. 
The section area of this wire is 0.00126 sq. in. and the insulated diameter 
0.047 in. The current density for this conductor 
, 6 92 

Asm = ~ — = 2750 amperes per sq. in. 

2 X 0 00126 h h h 


The size of the stator slot is determined as explained on page 364 and 
must be made large enough to accommodate 46 No. 18 s.c.c.e. con- 
ductors with the required amount of insulation. For motors £-hp. and 
larger the dielectric test voltage for the windings is twice rated voltage of 
the winding plus 1000. For the slot insulation 0.015-in. treated paper 
is used. The insulated conductor area = 0.047 2 X 0.785 = 0.001732 
sq. in., and the slot area required 


46 X 0 001732 
0 30 


= 0 266 sq. in., 


where 0.30 is the ratio of insulated conductor area to slot area, 
assumed slot depth of 0.75 in. the mean width 


w 8a 


(4 375 + 0 75)tt 
36 


- 0 13 = 0 317 in., 


For an 


and the slot area = 0.317 X 0.75 = 0.238 sq. in. The ratio of insulated 
conductor area to slot area is, for this slot depth, 


46 X 0 001732 
0 238 


0.334. 


This slot depth was adopted for this motor. The stator punching is 
shown in Fig. 216. 

The stator yoke radial depth is taken equal to 0.50 [6.75 — (4.375 
+ 2 X 0.75)] or 0.4375 in., and the yoke density 


B 


187,000 

cT4375^<Tx 2 56 X 0 93 


89,600 lines per sq. in. 
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Rotor . — The equation for air gap length on page 365 gives larger 
values than have been found satisfactory with modern construction 
methods. If low air gap densities are used the length of the air gap can 
be increased, but this also increases the cost. For this motor, 

8 = 0.0135 in. 



Fig. 216 . — Stator punching, j^-hp. capacitor-start motor. 


The gap diameter of the stator is ground true, and the finished diameter 
is 4.376 in. The rotor diameter is, then, 

D r =4.376 - 2 X 0.0135 = 4.349 in. 

The number of rotor slots are chosen to satisfy the conditions given 
on page 319. The number of rotor slots may be either larger or smaller 
than the number of stator slots. With a smaller number the time 
required to make the die is materially reduced. The requirements for a 
quiet motor given on page 319 are satisfied with 26 rotor slots with 
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36 slots in the stator. The rotor bars are skewed one slot pitch. The 
rotor punching is shown in Fig. 217. 

The total stator copper section for main winding 

S C8 = N m mas s = 528 X 1 X 2 X 0.00126 
= 1.33 sq. in. 

With total rotor copper section 80 per cent of total stator copper section 
S tr = 0.80 X 1.33 = 1.065 sq. in. 



Fig. 217. — Rotor punching, J^-hp. capacitor-start motor. 

The area per bar 

1065 „ _ 

Sb = — — — = 0.041 sq. m. 

26 

No. 3 bare copper wire is used for the rotor bar. The area of the bar is 
0.0412 sq. in., and the diameter is 0.229 in. To allow for skewing, the 
rotor slot diameter is 0.238 in. The bar is set in the rotor punching 
as shown in Fig. 217. 

The end ring section with the current density in the bars equal to 
the current density in the end ring 

0.32 X 1.07 


= 


X 1 = 0.0855 sq. in. 
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The end ring is rolled like a coil spring from ft X \ in. copper bar. The 
section area is then 0.0938 sq. in. The holes for the bars are drilled 
near the outside periphery of the ring in a specially designed dr illing 
jig. The outside diameter of the ring is 4.329 in., and the inside diam- 
eter 3.329 in. 

The minimum width of rotor tooth (see Fig. 217), 
it X 4.051 

w tr = — 0.238 = 0.252 in. 


The stator leakage flux factor is taken equal to 0.95, and the rotor tooth 
density 

_ 1,172,000 X 0.95 

B " ~ 0.'2ffi X'2.56' X 0 .83 X 26 " 7W °° hn “ k ' 

The radial depth of the rotor yoke is calculated as explained on 
page 354 (see Fig. 217). 

\d vr = (4.349 - 2 x 0.238 - 2.56) 0.5 + 0.083 = 0.78 in. 

The rotor yoke density 

187,000 X 0.95 


B vt = 


2 X 0.78 X 2.56 X 0.93 
The air gap density 


= 47,800 lines per sq. in. 


D 1,172,000 X 0.95 
B • - t X 4.376 X 2.56 " 31 ' 7 °° p " 

Operating Characteristics . — The ratio of stator slot opening to air 
gap length 

0.094 „ _ 

~ 0.0135 ~ ' ' 

From the curve, Fig. 53, y = 2.78, and the air gap coefficient for the 
stator slot 


k. = 


t n 


0.382 


v>„i + (y 5) 0 . 288 + (2 . 78 X 0 . 0135) 

For the rotor slot opening 

= hr 0.524 

r “ Wtr 1 + (yt) ~ 0.484 + (1.80 x 0.0135) 

The air gap coefficient 

k = k,k r = 1.172 X 1.03 = 1.21. 


= 1.172. 


= 1.03. 
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The length of the half mean-turn of the stator main winding is cal- 
culated as explained on page 3G8. 

[ 4.2(4.376 + 0.75) x2 + 2 ai ] 16 , 

[0.598 X 4 + 2.56] 30 = 148.60 
[0.598 X 6 + 2.56] 40 = 246.00 
[0.598 X 8 + 2.56] 46 = 338.00 


The resistance of the stator main winding 


_ 792.60 
132 


6.00 in. 


_ L, m N m X 0.692 _ 6.0 X 528 X 0.692 
O6 sm X10« _ 2 X 0.00126 X 10 6 
= 0.872 ohm at 25° C. 

= 1.00 ohm at 65° C. 


The bar skew in inches is equal to the rotor tooth pitch or 0.525 in. 
The length of the rotor bar 

l b = V2.56 2 + 0.525 2 = 2.61 in. 


For the ratio, inside to outside diameter of end ring equal to 0.77, ifring 
from Fig. 194 = 0.96. 

The rotor resistance in terms of the stator main winding 

„ NJC w Jmr\ h , 0.64 D, r vw ] 

Km ~ 10° UN„ + p%r Arlng J 

528 2 X 0 795 2 X2X0.692 I" 2.61 0.64 X 4.329 1 

10 6 L 0. 0412X26 + 4 2 X0. 0938 °' 96 J 

= 1.03 ohms at 25° C., or 

1.03 X 1.15 = 1.19 ohms at 65° C. 


The constant term for the various reactances 

= 2irfN m 2 C wm 2 10 ~ s = 2x X 60 X 528 2 X 0.795 2 X 10“« 
=0.665. 


For the stator slot 

w, 2 0.264 
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From Fig. 213, 0 = 0.48 and 

W, 3 W.i W, 1 + W, 2 

jL68 , , 2 X 0.03 

48 0.383 + 0.094 + 0.094 + 0.264 
= 1.45. 

For the rotor slot 

F„ = 0. 62 + — = 0. 62 + ^ = 1.37. 
w.i 0.04 


X. = 0.665 
X z = 0.665 
X. = 0.665 


f 2 . 13 X 2.56 ] f (0.288 + 0.485) 2 ~| _ 
L36 X 0.0135J L4(0.382 + 0.525)J ~ 
f tt(4. 375 + 0.75)5] „ , 

l — — J- 0 372 ° w 


1 . 01 ohms. 

1 . 23 ohms. 


The saturation factor for the calculation of magnetizing reactance is 
taken equal to 1.20. 

0.645 X 2.56 X 3.44 


X m = 0.665 


0.0135 X 1.21 X 1.20 X 4 


48.20 ohms. 


0 482 2 

X. k = 48.2— —0.95 = 0.89 ohm. 

X.Z 

The leakage reactance 

X im = 1.01 + 1.23 + 0.372 + 0.89 = 3.50 ohms. 

Xo = X m + = 48.2 + ^ = 49.95 ohms. 

z z 


The leakage flux factors 

T , X 0 -X lm 49.95 - 3.50 _ 

K ' ~ ~o~~ ~ ' 49.95 °' 93 - 

K, - J A '“ ~ Xlm = VO. 93 = 0.964. 

Ao 

The weight of the stator teeth 

G ct = 0.13 X 2.56 X 0.93 X 36 X 0.75 X 0.278 = 2.32 lb. 


The loss per pound for the stator tooth density, 105,200 lines per sq. in., 
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PERFORMANCE CALCULATIONS, SINGLE-PHASE INDUCTION MOTORS 
y 2 Hp., 1 10 Volts. 1800 S.r.p.m. 

Motor Constants 


Line volts — E 

SB 

110 

Reactance — Xi m 

= 

3 5 

Xo 

= 

50 0 

R, m at 65° C. 

SB 

1.0 

Rrm at 65° C. 

BB 

1.19 

tt _ \ Xo Xim 

Ap V Xo 

a 

0.964 

$== 0 34 

Xim 

Rrm 

Xo - 

0.0238 

Im ~ jjj7~ ~ 2 2j ImRrm — 

2.62 

Fi = (2 - KJ)R rm 

— 

1 270 

Fi — (2R8m~\~Rrm)Rrm/X o — 

0.076 


n/X 0 


n)Rr i 

n) 2 
n)Kp 

m)K p]*Rnn 


F a - c ImRr 
Fi — ( ImRr 
Fb = (ImRr 
F t = [(/ m F 
F 7 = FF P 
F 8 = (FF P ) 2 Frm 

„ Core loss (m) 

= F 

Core loss (w) = 

Core loss (c) = 

Friction and windage loss = 

(Core loss (m) = core loss (c) 

= l total core loss) 


- 0.0624 

= 6.24 

= 2.52 

= 7.58 

- 106 0 

= 13,400.0 

» 0.218 

= 24 
= 24 
17 


*1 

s = r.p.m./s r.p m 

0 

970 

0 86 

*2 

s 2 

0 

941 

0.74 

*3 

(1 - S 2 ) 

0 

059 

0.26 

*4 

(1 S 2 )R 8 m 

0 

059 

0.26 

*5 

Fi 

1 

270 

1.27 

*6 

U = (4) + (5) 

1 

329 

1.53 

*7 

(1 - s*)Xi m 

0 

206 

0.91 

*8 

f 2 

0 

076 

0 076 

*9 

W = (7) - (8) 

0. 

130 

0.834 

*10 

Vu 2 + w* 

1 

333 

1 74 

11 

(1 - s*)E 

6 

50 


12 

F a 

0 

0624 


13 

M = (11) - (12) 

6 

44 


14 

f 9 u 

0 

29 


15 

N = (13) + (14) 

6 

73 


16 

VN‘ + FJ 

8 

53 


17 

I, = (16)/ (10) 

6 

40 


18 

(1 - s 2 )F 7 

6 

25 


19 

V(18) 2 + 

6 

74 


20 

h = (19)/(10) 

5 

05 


21 

sF b 

2 

45 


22 

/, = (21)/(10) 

1 

83 


*23 

(1 — s*)F , 

790 

00 

3480 00 

*24 

Fo 

7 

58 

7 60 

*25 

(23) - (24) 

782 

42 

3472 4 

26 

Prim, copper loss = h 2 R am 

41 

00 


27 

Sec. copper loss (m) = 7 2 2 F rm 

30 

40 


28 

Sec. copper loss (c) == h 2 R rm • 

4 

00 


29 

Core loss (m) 

24 

00 


*30 

(25) X (2)/ (10) 2 

413 

00 

849.0 

31 

Input = (26) + (27) -f (28) + (29) + (30) 

512 

40 


*32 

Core loss (c) + (F and W) 

41 

00 

41 0 

*33 

Output = (30) — (32). 

372 

00 

808 0 

*34 

R.p.m. = s X s.r.p.m. 

1746 


1560 

*35 

Torque = 112 6 X (33)/ (34) 

24 

0 

58.4 

36 

37 

Efficiency = (33)/(31) 

P.F. = (31)/F/i 

72 

72 

6 

.7 


38 

App. eff. = (36) X (37) 

52 

8 


39 

Per cent full-load 

i 

99 

.7 



* To calculate output and torque only 
From A I E E Trans , Voi 51, Sept , 1932. 
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for 26-gauge electrical grade sheet steel, is 3.7, and the loss in the stator 
teeth due to the fundamental frequency flux 

Wet = 3.7 X2.32 = 8.58 watts. 

The weight of the stator yoke is approximately 

Gey = ^ [6-75 2 - (4.375 + 2 X 0.75) 2 ]2.5G X 0.93 X 0.278 

= 5.70 lb. 

For the stator yoke density, 89,600 lines per sq. in., the loss per pound 
is 2.7 and the loss in the yoke due to the fundamental frequency flux 

W cy = 2.7 X 5.76 = 15.50 watts. 

The laminations used for this motor are core plated and 26 gauge. 
The additional losses are taken equal to 2.0 times the fundamental 
frequency loss. 

W c = (8.58 + 15.5)2.0 = 48.16 watts. 

The friction and windage losses will he assumed equal to 4.5 per cent 
of the watt output or equal to 373 X 0.045 = 16.8 — 17.0 watts. 

The operating characteristics are calculated by the analytical method 
prepared by Mr. Veinott (see page 374). 

Auxiliary Winding.- For the capacitor-start motor, the capacitor is 
relied upon to produce the phase displacement between the current in 
the main and auxiliary winding. The auxiliary winding circuit is 
opened after the rotor has attained approximately 75 per cent of normal 
speed. The starting torque can be calculated by the equation given 
by Mr. C. II. Boothby with the correction by Mr. Trickey to take into 
account the effect of magnetizing current (see footnote page 363). 

1 . SSpE 2 KRrm R"X Im - Rrr XXlu ~ X c ) 

' / \HJ + X lm ~] [tf,, 2 + (A'„ - X,.) 2 ] r ° Z ' ' 

In this equation R a is the auxiliary winding resistance plus the resistance 
of the capacitor. 

The derivative of this equation with respect to X c set equal to zero 
and solved for X c gives the capacity reactance required for maximum 
starting torque. This was carried out by Mr. Boothby, and for maxi- 
mum starting torque 

D 

X c = Xia + (Z m — X im) ohms. 
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The value of X c required for maximum starting torque for given main 
winding constants varies directly with Xu and R a , which in turn vary 
directly with the square of K, the ratio of effective auxiliary winding 
turns to main winding turns. The curves of Fig. 218 show how maxi- 
mum torque, capacity, starting current, and current density in the 
auxiliary winding vary with the ratio K for given main winding con- 
stants and an assumed auxiliary winding conductor. For minimum 
cost of capacitor K should be large, but a large value of K increases the 
cost of the auxiliary winding. The designer must, therefore, select 



Fig. 218. 


that combination that gives the required starting characteristics at 
reasonable cost. 

To obtain a small capacitor and low starting current 1.55 was selected 
for the ratio K. Then 

_ KN m C wm 1.55 X 528 X 0 795 

° C wa 0.85 

= 765. 


The winding arrangement and distribution for this motor are shown 
in Fig. 219. The number of turns per pole for a one-circuit winding 


O Ng 

P 2X V 


1 X 765 
2X4 


95.6. 
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For sinusoidal distribution the turns per coil are calculated as follows: 

0.500 

sin 3/9X90=0.500 per cent tums = — — = 0. 156X95.6 = 14.9; use 14 

3.206 


sin 5/9 X90 = 0.766 
sin 7/9X90=0.940 
sin 9/9X90 = 1 . 000 
3.206 


=0.239 X 95.6 = 22.9; use 23 
=0.293 X95.6 = 28.0; use 28 
=0.312X95. 6=30.0; use 30 
Turns per pole =95 


The winding constant for the auxiliary winding is, then, 


sin 3/9 X 90 = 0.500 X 14 = 7.50 
sin 5/9 X 90 = 0.766 X 23 = 17.60 
sin 7/9 X 90 = 0.940 X 28 = 26.30 
sin 9/9 X 90 = 1.000 X 30 = 30.00 

C wa = = 0.856. 


Main WindinQ 4 $ Turns 




30 Turns Auxiliary Winding 


Fig. 219. — Winding distribution for J^-hp. capacitor-start motor. 


The final ratio of effective conductors 


760 X 0.856 
528 X 0.795 


1.55. 


The length of the half mean-turn is calculated as follows: 
p . 2(4,375 + 0.75/2) x 3 + 2 56 ] 14 _ ^ 

[0.555 X 5 + 2.56] 23 = 122.8 
[0.555 X 7 + 2.56] 28 = 180.0 
[0.555 X 9 + 2.56] 30 = 226.0 


L. a 


588.0 

95 


6.20 in. 
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The starting torque and current were calculated for several conductor 
sizes, and No. 22 s.c.c.e. wire was chosen. The section area of this con- 
ductor is 0.00507 sq. in. The resistance of the auxiliary winding 


6.2 X 760 X 0.692 
1 X 0.000507 X 10 6 


6.43 ohms at 25° C. 


For starting torque calculations the d-c. rotor resistance in terms of 
the main winding is increased 10 per cent, and the effective locked rotor 
resistance 

Rrm = 1.10 X 1.03 = 1.132 ohms at 25° C. 


The total main winding resistance 
Rm = Rsm + Rrm = 0.872 + 1.132 = 2.004 ohms at 25° C. 

The locked rotor resistance in terms of the auxiliary winding 
R ra = 1.55 2 X 1. 132 = 2.72 ohms at 25° C., 

and 

R a = Rsa + Rra = 6.43 + 2.72 = 9. 15 ohms. 

The total leakage reactance in terms of the auxiliary winding 
X la = 1.55 2 X 3.50 = 8.4 ohms. 

The main winding locked rotor impedance 
Z m ~ V . X lm 2 + ( Ram + Rrm) 2 

= V3.5 2 + (0.872 + 1.132) 2 = 4.03 ohms at 25° C. 

The locked rotor current in the main winding 
_ 110 

Ism = = 27.2 amperes. 


The capacity reactance required for maximum starting torque 
X e = X la + ( Z m - X lm ) 

tim 


= 8.4 + ^ 
2.00 

The capacity in microfarads 
10 6 


(4.03 - 3.50) = 10.83 ohms. 


C = 


10 fl 


2irfX c 2;r X 60 X 10.83 


- = 245 M f- 
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A dry electrolytic capacitor with 200-microfarad nominal rating was 
selected for which the capacity reactance 


10 6 10 6 

2irfC ~ 2 tt X 60 X 200 


13.3 ohms. 


The impedance of the auxiliary winding with capacil or in series 


Zac = VR? + (X,« - XTy* = V9.15 2 + (8.4 - 13. 3) 2 


= 10.38 ohms. 


The locked rotor current in the auxiliary winding 


I 


sa 


no 

10.38 


10.60 amperes. 


The current density in the auxiliary winding conductor at starting 
is then 


10.60 

0.000507 


20,900 amperes per sq. in. 


The locked rotor current for both windings in parallel 


Zac 

27 V72~ 004 + 9.15) 2 + [3.5 + (8.4 -13.3)7 

10.38 


= 29.5 amperes. 


The starting torque 

1.88 X4 Xl 10 2 xl.55 xl.13 9.15x3.5 -2.0 X (8.4 -13.3) 

00 ~ [2.0 2 +3.5 2 ] [9.15 2 + (8.4 — 13.3) 2 ] 

= 59.0 oz-ft. 


Full-load torque 


373 X 112 6 
1725 


24.4 oz-ft., 


and the per cent starting torque 


59.0 

24.4 


X 100 = 242. 
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The test value of locked rotor current with winding at room temperature 
is 31.4 amperes with a starting torque of 55 oz-ft. The constants of 
the motor were determined from test by the method proposed by 
Mr. C. G. Veinott (see page 379). The results from the running light 
and locked rotor tests are as follows: 

Ram = 0 883 ohm at 25° C.; R sa = 6.5 ohms at 25° C. 

The locked rotor resistance, R rm = 1 10 ohms at 25° C. 

Xi m = 3.25 ohms, Xo = 49 7 ohms. 

K r = 0.935, K p = 0.906. 

The test values of efficiency and power factor for full-load are from the 
input-output test made with electric dynamometer and are given on the 
design sheet. The difference between test and calculated values of 
starting torque and current is very probably due to the fact that capaci- 
tor constants calculated from nominal rating were used in the calcu- 
lations instead of test values for the particular capacitor on the motor 
tested. Capacitor resistance was also neglected. 

The first motor built from this design, from which the test results 
given above were obtained, was not built by students. The machine 
work was done by Eric Rosendahl and Harry Martinson. The stator 
was wound by the author with form-wound coils. An assembly draw- 
ing of the motor is shown in Fig. 220. 

Recent theories of noise in rotating electrical machinery indicate 
that a 28-slot rotor with 36-slot stator should be more desirable than 
the 26-slot rotor used for this design. The performance of this motor, 
however, is so satisfactory that it is doubtful that any improvement 
would be obtained with 28-rotor slots. Noise measurements made with 
a General Electric Co. noise level meter and frequency analyzer gave 
the following results: 

120 cycles per sec., 58 decibels 

780 44 44 44 40 44 

900 44 44 44 4 4 

1020 44 44 44 42 44 
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SINGLE-PHASE INDUCTION MOTOR DESIGN SHEET 


Hp i H Srpm, 1800 Cycles, 60 Poles, 4 Volts, 1X0 Amps 6 4 




Rotor 


Stator 

Rotor 

Outside diameter 

Inside diameter 

Length 

Number of slots 

Tooth pitch 

7 25 

4 376 

2 56 

36 

0 382 

4 349 

2 56 

2 56 

26 

0 525 

Tooth face 

Tooth width 

Depth below slot 

Slot factor 

J otal conductor section 

0 288 

0 13 

0 4375 

1 172 

1 33 

0 485 

0 252 

0 780 

1 03 

1 07 


0035 003 





Slot number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

1 

H 

Stator main 


16 

30 

40 

46 

46 

40 

30 

16 


16 

30 

40 

m 

46 

40 

30 

16 



Stator auxiliary 


28 

23 

14 


J 

14 

23 

3 

10 30 

28 

23 

14 

_ 


14 

23 

28 

30 



Winding 

Mam 

Auxiliary 

Rotor 


Conductor size 

ISscce 

22 h c c e 

Bar section 

0 0412 

area 

0 00126 

0 000507 

length 

2 61 

Amps per sq in 

Half mean turn 

2540 

20 900 

material 

copper 

6 0 

6 20 

skew bars 

1 0 

Conductors in senes 

528 

760 

End ring section 

0 0938 

ClV 

0 795 

0 856 

material 

copper 

Weight, lb 

2 56 

0 766 

diam outside 

4 329 



diam inside 

3 329 


Gap length 
lotal flux 


0 0135 Gap coefficient 

1,172 000 fa 


121 Pole pitch 

0 637 Jlux per pole 


3 44 
187,000 



Section 

Density 

Weight 

Core Loss 

Stator teeth 

11 12 

10 r 200 

2 32 

8 56 

Stator yoke 

2 08 

89 600 

5 76 

15 50 

Rotor teeth 

15 60 

71,500 


24 06 

Rotor yoke 

3 72 

47 800 


X2 

Air gap 

35 20 j 

i 

31,700 


48 12 


R»m 0 872 ohm at 25° C 
R rm 1 03X1 10 ohms at 25° C 
R m 2 00 ohms at 25° C 


R aa 6 43 ohms at 25° C 
R ra 2 72 ohms at 2 r >° C 
R a 9 15 ohms at 25° C 


Xim 3 50 ohms 
7 m 4 03 ohms 
A 1 55 


A la 8 40 ohms 
7a 10 38 ohms 
A c 13 30 ohms 



Full I oad 

Torque 

Locked 


Amps 

Watts 

rff 


App EfT 

R p m 

Max 

Start 

Amps 

Guar 

Calc 

Test 

6 4 

6 6 

512 4 
518 0 

72 6 

72 0 


52 8 

51 7 

1746 

1745 

58 4 

59 0 

55 0 

29 50 

31 40 


Test values of starting torque and current approximate only 
Designed by J H Kuhlmann 


















IV— Transformers 


CHAPTER XXI 

CONSTRUCTION 

The transformer is a device for “ stepping up ” or “ down ” the 
voltage or current in an alternating current circuit. The essential 
parts are: a magnetic circuit, built up of sheet steel; and an electric 
circuit, consisting of one or more windings. Transformers may be 
divided into three classes: (1) Instrument transformers, (2) Constant- 
current transformers, (3) Constant-potential transformers. In the 
following pages, only the design and construction of constant-potential 
transformers, such as used to transform power from a high voltage and 
small current to a lower voltage and large current, or vice versa, will 
be discussed. 

Constant potential transformers are used for light and power 
service and are generally divided into two groups: (1) distribution 
transformers, (2) power transformers. 

Distribution transformers include sizes 200 Kva and smaller which 
are used to step down the voltage from the distribution voltage to a 
standard service voltage, or from the transmission voltage to the dis- 
tribution voltage. They are built for voltages up to and including 
66,000 volts, either single-phase or 3-phase. Standard sizes, voltage 
ratings, and taps for single-phase and 3-phase distribution transformers 
for the various system voltages have been adopted by the National 
Electric Manufacturers Association. 1 

Power transformers include those sizes larger than 200 Kva which 
are used to step up the voltage to the transmission voltage at the gen- 
erating station, or to step down the voltage at the substation. They 
also include those transformers in sizes larger than 200 Kva which are 
used to step down the voltage from either a transmission or a distribu- 
tion voltage to a standard service voltage. They may be either single- 
phase or 3-phase and have been built for 220,000 volts star. The 

lf ‘ Handbook of Transformer Standards,” 5th ed., National Electric Manufac- 
turers’ Association, 420 Lexington Avenue, New York. 
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National Electric Manufacturers Association has adopted standard 
sizes, voltage ratings, and taps. 

Core. — The magnetic circuit of all transformers is built up of silicon 
sheet-steel laminations. For 60-cycle transformers, a 4 to 4.5 per cent 
silicon sheet steel 0.014 in. thick is used; for low frequencies, 25 cycles, 
a 2.5 to 3.0 per cent silicon steel sheet up to 0.019 in. thick is often used. 
(Silicon steel is used because of its non-aging properties and low losses. 






' i 



Fits. 221. — Core for small capacity rectangular core type distribution transformer. 

For more complete information on the properties of electric sheet steels, 
the reader is referred to the splendid book by Thomas Spooner, 
li Properties and Testing of Magnetic Materials.” 2 After the lamina- 
tions are cut or punched to the proper size, they are carefully annealed 
to remove all punching or shearing strains, which increase the losses. 
When the laminations have been annealed, a thin coating of insulating 
varnish is applied in the same manner as described for armature lamina- 
tions of direct current machines, page 3. For small distribution 

2 “Properties and Testing of Magnetic Materials,” McGraw-Hill Book Co- 
New York, N. Y. 
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transformers, the insulating coating is generally not necessary, as the 
heavy scale always present on silicon steel offers sufficient insulation. 

There are three types of construction in common use: core type, 
shell type, and distributed core type. 



Fig. 226. — Sectional drawing of shell-type transformer. 


Core Type. Figure 221 shows the core for a small core-type distri- 
bution transformer. The laminations are L-shaped and are assembled 
through the coils which are wound on a form, as shown in Fig. 222. 
Figure 223 shows a completely assembled, 15-kva., 6900-volt, rect- 
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angular core type distribution transformer removed from tank. A 
completely assembled, 3-phase rectangular core type distribution 
transformer is shown in Fig. 224. For high voltages, 22,000 volts and 
higher, the cruciform-shaped core section with circular coils shown in 
Fig. 225, is used. 

Shell Type . — The shell type of construction is generally best suited 

for transformers for relatively low 
voltage or for relatively large capac- 
ity, which have a good space 
factor in the winding. A sectional 
assembly drawing 3 of a shell type 
transformer is shown in Fig. 226. 
The windings are built up of “ pan- 
cake” type coils, as shown in Fig. 

226. A completely assembled shell 
type transformer is shown in Fig. 

227. 

Distributed Core Type . — The dis- 
tributed core type construction is 
built with 2-part, 3-part, and 4- 
part distributed core. The 3-part 
distributed core type is used for 
small-capacity distribution transform- 
ers for moderate voltages. The 4- 
part distributed core type is used for 
distribution transformers and small 
power transformers. For small ca- 
pacity and moderate voltage 3-part 
and 4-part distributed core type 
transformers, the core is assembled 
as shown in Fig. 228, and the wind- 
ings are wound directly on the core. 
For the larger capacities and higher 
Fia. 227.— Complete shell type trans- voltages, the coils are form-wound 
former removed from tank. and assembled on the core, as shown 

in Fig. 229. 

Tank. — Transformers are cooled by either one of the following 
methods: 

(1) Natural-air-cooled, for which the natural circulation of the sur- 
rounding air is relied upon to carry away the heat generated by the 

* “The Modern Manufacture of Large Power Transformers,” by L. H. Hill* 
Eleotric Journal, Vol. 24, April, 1927, pp. 146 to 151. 
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losses. This method of cooling is utilized for instrument transformers, 
constant-current transformers, and auto-transformers that supply re- 
duced voltage for starting alternating-current motors. Since the devel- 



Fig. 229. — Method of assembling core and coils of large-capacity four-part dis- 
tributed-core-type transformer. 


opment of fiber glass insulation and silicone resin insulating varnishes, the 
dry type of construction is employed for distribution and small power 
transformers. A sheet-metal enclosure protects the winding from me- 
chanical injury. 
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Fig. 230. — Welded sheet steel tank for transformer shown in Fig. 223. 
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(2) Natural-oil-cooled, which method is used for all distribution and 
for power transformers. The transformer is immersed in a transformer 
oil which carries the heat to the walls of the containing tank. 

(3) Oil and Water Cooled. — For this method the transformer is 
immersed in a transformer oil and cooling water is circulated through 
coils of pipe placed near the top of the tank under the surface of the oil. 

(4) Cooled by Forced Circulation of the Oil. — For this method the 
oil is drawn from the tank, passed through cooling coils on the outside 
of the tank, and returned to the bottom of the tank. 

(5) Cooled by air blast, for which a continuous stream of cool air 
is forced through the core and windings. 

For small distribution transformers, a plain cast-iron tank has often 
been used. The welded-sheet-steel tank is, however, used almost 
exclusively for modern transformers. Figure 230 shows a welded- 
sheet-steel transformer tank which is for the 15-kva., 0900-volt, core- 
type transformer shown in Fig. 223. For the larger-capacity distribu- 
tion transformers, it is difficult to obtain sufficient radiating surface 
with plain sheet steel tanks to dissipate the heat without excessive 
temperature rise. To increase the radiating surface, cooling vanes are 
welded to the tank or corrugated sheet steel tanks are adopted as shown 
in Fig. 231. Figure 232 is a top view of a tank with cover removed 
and shows how the transformer is secured in the tank and how the 
leads are brought out of the tank. 

For oil- and water-cooled transformers, plain sheet steel tanks are 
generally used. A sectional drawing of a 3-phase, oil- and water-cooled 
transformer is shown in Fig. 233. It shows the position of the trans- 
former and cooling coils in the tank. 

Distribution transformers are now being built in the smaller sizes 
with a wound core of continuous strip steel. The sheet steel used for 
this purpose is a new development and has particularly good magnetic 
properties when the flux flow T s with the grain. This type of construc- 
tion is explained by Mr. E. D. Treanor 4 in Electrical Engineering. 

4 “ The Wound-Core Distribution Transformer,” by E. D. Treanor, Elec. Eng., 
Vol. 57, Nov., 1938, p. G22. 
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CORE AND WINDINGS 

Transformers may be designed for minimum cost without regard 
to the losses, or for minimum total losses. 

There is a lower limit to the cost for which a given transformer can 
be designed, because the copper density cannot be worked above a 
certain value because of heating; also, the core density is fixed by sat- 
uration of the magnetic circuit. The lowest-cost transformer will 
generally be the one for which the cost of iron and cost of copper are 
approximately equal. 

With the densities fixed in core and copper, the minimum total loss 
transformer is the one for which the core loss is approximately equal to 
the copper loss at full-load. Such a transformer will have maximum 
efficiency at full-load. 

Transformers intended for lighting load — distribution transformers — 
should have the core loss as small as possible, because they operate at 
light-load the greater part of the day and at full-load only a few hours. 
For such transformers the ratio of the core loss to the copper loss 

W 

— ' = 0.30 to 0.70. 

Wk 

Large power transformers are generally designed with the core loss 
approximately equal to the copper loss at full-load. 

The loss per pound for the core can be found from the loss curves in 
the Appendix for various grades of sheet steel. The copper loss plus 
stray-load loss for 75° C. is calculated by formula 139a. 

W k = A 2 G k Jc 5 X 2.58 X 10~ 6 watt. 

The loss per pound 

Wk 

Wk = — = A 2 k5 X 2.58 X 10~ 6 watt. 

(jrk 

When the flux density in the core and the current density in the copper 
have been determined, the loss per pound in core and copper can readily 
be calculated. 
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The magnetizing current of a transformer lags the voltage by 90°. 
It is the current drawn from the line to maintain the flux in the mag- 
netic circuit. In order that this current shall be as small as possible, 
the flux density in the core must be below the saturation point of the 
grade of sheet steel used. Silicon steel has a high permeability at low 
values of induction, but at high values of induction the permeability 
decreases rapidly (see standard saturation curve in Appendix). For 
distribution transformers, the flux density in the core is generally 

B = 55,000 to 75,000 lines per sq. in. 

Distributed-core-type transformers are usually designed with densities 
of 75,000 to 90,000 lines per sq. in. in the center leg and 40,000 to 55,000 
lines per sq. in. in the remainder of the magnetic circuit. In this way 
the length of the mean-turn of the windings can be reduced without 
sacrifice in core loss, because the central core is only a small part of the 
entire magnetic circuit. When neither core loss nor magnetizing cur- 
rent but only first cost is important, slightly higher values for B can be 
used. For large power transformers, the flux densities in the core should 
generally not exceed 90,000 lines per sq. in. 

The current density in the copper is limited by the efficiency and 
the allowable temperature rise. For distribution and small power 
transformers, self-oil-cooled, 

A = 700 to 1500 amperes per sq. in. 


The low values apply to the small capacities up to about 50 kva. For 
large power transformers, self-oil-cooled, 

A = 1400 to 1900 amperes per sq. in. 


The ratio of core loss to copper loss 

W c _ w e X G r 
Wt wt X Gt 


( 210 ) 


When the densities in the core and copper are fixed, the loss per pound 
for core and copper can readily be determined. The ratio of weights 
for a given ratio of losses can easily be calculated by equation 210. 
The ratio of core weight to copper weight generally lies between the 
limits 1.5 and 3.0 for distribution transformers. For small-capacity, 
single-phase, core-type transformers, the ratio of weights is often less 
than 1.50. For high-voltage power transformers, it may be twice the 
values given above. 
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Design of Core. — The section area of the core is readily determined 
when the total flux is known. The curve in Fig. 234 gives average 
values of <t> t for distributed-core-type transformers. The reader must 
not conclude that distributed-core-type transformers are to be designed 
with values of total flux as given by this curve. These data are given 
merely to guide the beginner. Satisfactory designs can be obtained 
with values of <£* either larger or smaller than those given by the curve. 
For the core type of construction, the best design is generally obtained 
with a smaller total flux than that used for the distributed-core-type 
transformer. For single-phase, core-type transformers, multiply the 



Fig 234 — Total flux for four-part distributed core type transformer. 

values of <j> t in Fig. 234 by 0.65 and for 3-phase core type by 0.60. The 
section area of the core 



Dr. Arnold 1 has developed the following output equation by which 
the section area of the core can be calculated when the output constant 
is known. For a single-phase transformer, the output 


Kva = El 10~\ 


The induced voltage 


E = 4 44ftBA c 10” 8 volt 
and 

I = As e . 

*“Die Wechselstromtechnik, ” by E Arnold, Vol. II, 2nd ed , p. 310, Julius 
Springer, Berlin j sec also “The Essentials of Transformer Practice,” by Emerson 
G. Reed, 2nd ed , p 62, D. Van Nostrand Co , New York. 
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Therefore, 


Kva = 4.44ftBA c As c 10~ u 


The weight of the core 


( 211 ) 


G c = Acted - lb. 


and the weight of the copper 


G k = 2i 


if the weights of the high voltage 


age and th; 


at of the low voltage winding are 


assumed to be equal. 

The ratio of the core weight to the copper weight 


G c A ( l r Q c 
Gk 2ts clkQk 


If the ratio of the mean length of the magnetic circuit to the mean- 
turn of the winding is assumed to be constant, which is approximately 
true for a given type of transformer, then 

G c „ A c 

Gk ~^ l ts c 
and 

Gk A „ 

ts c — „ A c C i. 


Substituting this expression into equation 211, the core section 


A c 


= C 1 


Kva—lO 1 1 
BAf ' 


( 212 ) 


The output constants for the various types of construction are given 


below: 

Type of Transformer C 

Distributed core type 0.55 to 0.65 

Single-phase core type 0.40 to 0.55 

Three-phase core type 0.30 to 0.50 

Single-phase shell type 0.80 to 1.0 


The shape of the core section is rectangular, square, or cruciform. 
For core-type distribution and small power transformers for moderate 
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and low voltages, the rectangular-shaped core section shown in Fig. 235 
is generally used. The dimensions of 
the section can be calculated as fol- 
lows: The long side of the core sec- 
tion is generally from 1.4 to 2.0 
times the short side. The notches 
on the comers of the section shown 
in Fig. 235 are often omitted on 
transformers below 25-kva. capacity. 

For small core sections 




When the comers are notched, as shown in Fig. 235, 


a = A e + 0 064 A?! 
Ml.4to2 0)ki' 


For shell-type transformers (see Fig. 230) the ratio b/2a generally 
lies between the limits 2 and 3. When there are no ventilating ducts 
in the core 




(215) 


When circular coils are required for high-voltage distribution and 
large power transformers, the cruciform-shaped core shown in Fig. 237 
is used. The dimensions of the section to give the maximum area of 
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core for a given diameter are calculated as follows: The gross core area 
for the section shown in Fig. 237 equals 


= 2a26 + (26 — 2a) 2a = 4(2a6 — a 2 ) 
ki 

D . h D 

a = — - sm a: b = — * cos a. 

Then 2 2 

A r A (J> . D D 2 . \ n2 ._ . . 2 . 

— = 412-- sin a — cos a — — sm~ a / = D 2 ( 2 sm a cos a — sin J a). 
*i \ 2 2 4 / v 


The value of the angle a that will give the maximum core section can 
be found by differentiating the above equation with respect to a and 
equating the resultant expression to zero 



= D 2 ( 2 cos 2a — 2 sin a cos a) = 0 

da 


Therefore 


tan 2 a = 2; a — 31.75°. 
a = 0.263D; 6 = 0.425ZX 


The gross section area of the core is then 


— = 2a2b + (2b - 2a)2a = 0.618D* 

h 




Fia. 238. — Four-step circular core section. 


The ratio of the net area of the core to the area of the circumscribed 
circle is called the core space factor, f r8 . The lamination factor, ki, 
can be taken equal to 0.90 for 0.014-in. silicon sheet steel. Then 


fr. = 


0.618Z) 2 X 0.90 


= 0.70. 


(216) 


(*/4)Z> 2 

For large core areas, a section, such as that shown in Fig. 238, with 
three or more steps is often used. Such cores are expensive to build but 
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show a saving in copper and copper losses because of the smaller diam- 
eter for a given core area. Circular coils are preferred for large power 
transformers because of their superior mechanical characteristics. 2 
(A transformer coil, under the magnetic stresses produced by excessive 
leakage flux due to short-circuit, tends to assume a circular form. On 
circular coils, these forces are radial and there is no tendency for the 
coil to change its shape; on rectangular coils the forces are perpendicular 
to the conductor and tend to give the coi l a circular form 

The values of the various angles for 2-, 3-, 4-, and 5-step cores, to 
give the maximum area for a given diameter, have been calculated by 
W. B. Garrett 3 and are given in the following table. 

The dimension z , Fig. 238, must be large enough to allow for end 
plates, nuts, etc. The space so required generally varies from 15 per 
cent of the core diameter in largo cores to 25 per cent in small cores, 
which corresponds to an angle for the most remote step of from 57° to 
48°, respectively. Table XXVI II gives the various angles for 2-, 3-, 
4-, and 5-step cores in terms of the angle for the most remote step, 
which is called the fixed angle. 


TABLE XXVI IT 


Angle i 

2-Step 

3-Step 

3-Step 
(1 Duct) * 

4-Step 

4-Step 
a Duct) * 

5-Stcp 
(1 Duct) * 

5-Step 
(3 Ducts) f 

€ 






Fixed 

Fixed 

5 




Fixed 

Fixed 

0 833e 

0 . 850e 

y 


Fixed 

Fixed 

0.7X55 

0.7855 

0.667e 

0. 702e 

d 

Fixed 

0 71 2y 

0 71 4y 

0.5035 

0.5705 

0.491c 

0 511c 

a 

0 553/3 

0 4007 

0 414y 

0 3215 

0 3375 

0 29 le 

0 299e 


* Width of duct = 0 030 D. 
t Width of duct = 0 01 5 7). 


With the section area of the core determined and the flux density, 
B , fixed, the total flux 

4> t = BA r . (217) 

The number of turns for the high-voltage winding 

_ E h X 10 8 
* 4.44/0, 

2 “Circular-Coil High-Voltage Power Transformers, ” by Clinton Jones, General 
Electric Review, Vol. 24, May, 1921, pp. 399-404; “Fundamental Principles of 
Present-Day Transformer Design,” by W. M. McOonahey and J. F. Peters, Elec- 
trical World, Vol. 69, Jan. 20, 1917, pp. 129-132. 

3 “An Investigation into the Sectional Proportions of the Cores of Circular Core 
Type Transformers,” by W. B. Garrett, World Power, Vol. 6, Dec. 1926, pp. 292-298. 
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and for the low-voltage winding 


ti 


El, 

E h h - 


The voltage per turn 


Eh 

th 


The current in the high-voltage winding 

_ Kva IQ* 

h = — amperes 

Eh 

and in the low-voltage winding 


r ^ t 

1 1 = — Ih amperes. 
ti 


The section area of the conductor for the high-voltage winding 

Ik . 

Sch = ~4 sq * in ' 


and for the low-voltage winding 

h . 

Sci = " sq. m. 

To obtain the desired ratio of core loss to copper loss, it is necessary 
to determine the core dimensions that will give the previously fixed ratio 
of core weight to copper weight. The ratio of the height of the window 
opening to the width will generally lie between the following limits: 

hw/ w w = 2 . 0 to 4 . 0 . 

The copper space factor, that is, the ratio of the net copper area in 
the window to the area of the window, varies with the capacity of the 
transformer and with the voltage of the windings. The curves in Fig. 
239 give average values for f s for the various types of transformers. 

For single-phase transformers, the area of the window 


hwWw 


Schth + Sclt'l 


fs 


2 (uchth) 
fs 


sq. in. 
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and for 3-phase core type transformers 

2(Schth + Scltl) 4:(Schth) 

• htcWw = — — ~ sq. in. 

Js fa 

From the expression for the ratio of the dimensions 

hw 


Ww = 


2.0 to 4 0 


m. 


Therefore 


and 


h _ J( 2 0 

hu> 


to 4 0)2schth . 


/. 


in. for single-phase, 




to 4 0)4 Schth . 


/. 


in. for 3-phase. 


(218) 

(219) 


Before proceeding with the design of the windings, it will be desirable 
to check the approximate core and copper weight, to determine whether 
the desired ratio of weight can be obtained with the core dimensions 
selected. (See sample designs, Chapler XXIV.) 



Design of Windings. — The windings of transformers must be 
designed to give the best possible electrical characteristics with the 
proper mechanical strength to withstand the stresses due to short- 
circuits and with proper ventilation to avoid excessive temperature rise 
and " hot spots.” The approximate electrical characteristics of single- 
phase distribution transformers for 2300, 4600, and 6900 volts are given 
in Tables XXIX and XXX. Similar data are given in Table XXXI 
for 3-phase, 4600-volt, star-connected, distribution transformers. 






DESIGN OF CORE 


417 


TABLE XXIX 


Electrical Characteristics op Self-Oil-Cooled Distribution Transformers 
Single-Phase, 60 Cycles,* 2300 and 4600 to 115 and 230 Volts 


Kva 

Losses 

Effi- 

ciency, 

Full- 

Load 

Regulation 

Per Cent 

Core 

Copper 

100% PF 

80% PF 

IR 

IX 

IZ 

1.5 

25 

54 

95.0 

3.61 

3.57 

3.60 

1.15 

3.78 

3.0 

32 

85 

96.2 

2.88 

3.25 

2.83 

1.65 

3.27 

5.0 

46 

128 

96.6 

2.58 

3.16 

2.56 

1.85 

3.16 

7.5 

58 

176 

96.9 

2.39 

3.00 

2.34 

1.89 

3.02 

10.0 

73 

226 

97.1 

2.28 

2.77 

2.26 

1.60 

2.77 

15.0 

96 

320 

97.3 

2.10 

3.21 

2.13 

2.51 

3.30 

25.0 

133 

490 

97.5 

1.98 

3.20 

1.96 

2.72 

3.35 

37.5 

172 

570 

97.6 

1.98 

3.25 

1.95 

2.82 

3.43 

50.0 

210 

780 

98.0 

1.68 

3.15 

1.56 

3.16 

3.53 

75.0 

330 

1200 

98 0 

1.65 

3 15 

1.60 

3.11 

3.50 

100.0 

450 

1460 

98.1 

1 50 

3 20 

1.46 

3 38 

3.68 

150.0 

695 

1900 

98 3 

1 32 

3 30 

1.27 

3.80 

4.00 

200.0 

920 

2400 

98 3 

1 27 

3.37 

1.20 

4.02 

4.20 


TABLE XXX 

Electrical Characteristics of Self-Oil-Cooled Distribution Transformers 
Single-Phase, 60 Cycles, 6000 to 115 and 230 Volts 


Kva 

Losses 

Effi- 

ciency, 

Full- 

Load 

Regulation 

Per Cent 

( 'ore 

Copper 

100% PF 

80% PF 

IR 

IX 

IZ 

1.5 

28 

42 

95.5 

3.00 

5.00 

2.80 

4.60 

5.40 

3.0 

38 

85 

96.0 

3 00 

5.00 

2 83 

4.57 

5.37 

5.0 

49 

140 

96.3 

2.95 

5.00 

2.80 

4.60 

5.40 

7.5 

71 

175 

96.8 

2.45 

4.90 

2.34 

5.05 

5.56 

10.0 

81 

1 220 

97.0 

2.35 

4.85 

2 20 

5.15 

5.60 

15.0 

106 

320 

97.2 

2.30 

4.70 

2.13 

5.00 

5.44 

25.0 

158 

464 

97.5 

2.05 

5.10 

1.86 

7.02 

7.25 

37.5 

208 

595 

97.9 

1.80 

5.00 

1.59 

6.21 

6.41 

50.0 

280 

785 

97.9 

1.75 

4.90 

1.57 

6.06 

6.25 

75.0 

394 

1030 

98.1 

1.55 

4.70 

1.38 

6.00 

6.15 

100.0 

600 

1230 

98.2 

1.40 

4.30 

1.23 

5.54 

5.68 

150.0 

900 

2010 

98.1 

1.50 

4.35 

1.34 

5.47 

5.64 

200.0 

1100 

2650 

98.1 

1.50 

4.40 

1.33 

1 

5.57 

5.72 
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TABLE XXXI 


Electrical Characteristics of Self-Oil-Cooled Distribution Transformers 
Three-Phase, 60 Cycles, 4000 to 230 and 460 Volts 


Kva 

Losses 

: 

Effi- 

ciency, 

Regulation 


Per Cent 


Core 

Copper 

Full- 

Load 

100% PF 

80% PF 

1R 

IX 

IZ 

5 0 

74 

148 

95 8 

3 00 

4 01 

2 96 

2 73 

4 03 

7 5 

84 

203 

96 5 

2 75 

3 85 

2 71 

2 80 

3 89 

10 0 

96 

250 

96 6 

2 56 

3 70 

2 50 

2 84 

3 78 

15 0 

122 

340 

97 0 

2 30 

3 70 

2 26 

3 15 

3 88 

25 0 

176 

510 

97 3 

2 09 

3 05 

2 01 

3 37 

3 94 

37 5 

227 

750 

97 1 

2 06 

3 78 

2 00 

3 64 

4 15 

50 0 

277 

940 

97 6 

l 95 

3 87 

1 88 

3 95 

4 37 

75 0 

352 

1310 

97 8 

1 81 

3 75 

1 75 

3 92 

4 30 

100 0 

476 

1530 

98 0 

J 60 

3 60 

1 53 

3 97 

4 20 

150 0 

020 

2140 

98 1 

1 51 

3 60 

1 43 

4 10 

4 34 

200 0 

892 

2720 

98 2 

1 48 

3 05 

1 36 

4 27 

4 49 


The A.S.A. Standards 4 specify that the temperature rise of trans- 
former windings shall not exceed 55° (\ for class A insulation. The 
temperature is to be determined by the resistance method and checked 
by thermometer. The types of materials included in class A and class 
B insulations are given on page 128. 

In winding and assembling the coils of a transformer, either of two 
polarities, subtractive or additive, may be produced. Figure 240 
shows an elementary diagram of a loaded transformer. 5 The direction 
of the voltage induced in the primary winding at a particular instant 
is shown by E v . The flow of current in the primary winding is from the 
terminal at which the impressed primary voltage is positive to the ter- 
minal at which it is negative and is opposed by the induced primary 
voltage E P . The load component of the primary current sets up a 
magnetomotive force which tends to produce a flux in the core in the 
direction indicated by m.m.f.p. Since the direction of current flow in 
the secondary must produce a magnetomotive force to oppose 
it must flow in the direction shown in the diagram, producing a flux 
tendency in the direction indicated by m.m.f. s . The flow of current 

4 A.S.A. Standards No. C57, Transformers, Induction Regulators and Reactors. 

6 “ Notes on Transformer Polarity and Connections,” Part I, by John Anchin- 
doss, General Electric Review, Vol. 29, Nov., 1926, p. 783. 
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through the load connected across the secondary terminals is, there- 
fore, from left to right, that is, the left-hand terminal of the secondary 
winding is positive and the right-hand one is negative. The secondary 
voltage, E a , has the direction shown in Fig. 240. It will be observed 
that E p and E s have the same direction. Adjacent primary and 
secondary terminals, therefore, have the same polarity, the left-hand 
primary and secondary terminals at the instant chosen being positive, 
and the right terminals negative. 

The polarity of the transformer just described is called subtractive. 
If two adjacent primary and secondary terminals are connected, as 
shown in Fig. 2406, and voltage applied, say, to the primary winding, 
the voltage measured by a voltmeter connected across the other adjacent 
terminals will be the difference between the primary and secondary 
voltages; hence, the term subtractive polarity. 

If the secondary winding in Fig. 240a were wound on the core in the 
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Fig. 241s 


opposite direction, as shown in Fig. 241a, the secondary current would 
have to flow in a direction opposite to that shown in Fig. 240a. There- 
fore, at the instant when the left-hand primary terminal is positive, 
the left-hand secondary terminal is negative, and the current flow in 
the external circuits is in the opposite direction, as are also the voltages 
E p and E a in the internal circuits of the transformer. The polarity 
for the transformer shown in Fig. 241 is called additive for the reason 
that, if two adjacent primary and secondary terminals are connected, 
and voltage is applied to cither the high- or low-voltage winding, the 
voltage measured by a voltmeter connected across the other adjacent 
terminals will be the sum of the primary and secondary voltages. 

The windings of transformers may be arranged concentrically with 
reference to one another, or they may be arranged in groups of high- 
voltage and low-voltage coils stacked alternately one upon the other. 
The former is known as the concentric type of winding and the latter 
as the interleaved type. 
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For the concentric type of winding, the low-voltage coils are wound 
in cylindrical form or in rectangular tubular form and generally have 
only one layer. Two-layer, low-voltage coils are, however, not uncom- 
mon, and more layers may be used if proper ventilating ducts are pro- 
vided. The high-voltage coils for moderate voltages, 6900 volts and 
below, are generally wound with several layers and are placed on the 
outside of the low-voltage coil. To avoid hot spots in the coils, the 
depth of winding must be kept small. This is done by winding the 
coils in sections, and separating them by ventilating ducts. Figure 242 
shows the coil group for a rectangular-core-type transformer with a 


HIGH VOLTAGE LOW VOLTAGE ’HI 



Fig. 242. — Concentric wound coil with two-section low-voltage and high-voltage coils. 


two-scction, high-voltage winding placed between the two coils of the 
low-voltage winding. For high-voltage, concentnc-coil-type windings, 
the coils are generally wound and arranged as shown m Fig. 243. 

The interleaved type of winding is shown in Fig. 244. It consists 
of thin circular or rectangular coils arranged in high-voltage and low- 
voltage groups and stacked alternately one upon the other. 

The conductors are either round, square, or rectangular in section 
and are double-cotton-covered or insulated with a treated paper held 
in place by bands of cotton thread. To avoid large eddy-current 
losses, large conductor sections must be built up of several small con- 
ductors in parallel. When the parallel conductors are wound on top 
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of one another in a radial direction, the inside conductor will have a 
higher reactance than the outside one. Consequently, the current is 
not equally distributed among the group of parallel conductors. Uni- 
form distribution of the current can be obtained by transposing the 
conductors, as shown in Fig. 245. 

The insulating materials used for transformer windings must have 
high dielectric and good mechanical strength and must not be soluble 
in hot transformer oil. The materials generally employed are: cotton 



Fig. 243. — Section of concentric type winding with disc-type high-voltage coils. 

tape, empire cloth, paper in various forms, insulating varnish, and 
insulating oils. 

Double-cotton-covered conductors, or their equivalent, can gen- 
erally be used when the voltage per turn does not exceed 25 volts. 
For layer-wound coils, the maximum voltage between the turns of two 
layers should not exceed approximately 300 volts. Figure 246 shows 
four layers of a coil with six turns per layer. It is apparent that the 
maximum voltage per layer at b and c is equal to two times the voltage 
per turn, times the number of turns per layer. Coils with high layer 
voltage require heavy insulation between layers, which leads to a low 
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space factor and low heat conductivity. Paper and empire cloth are 
generally used for the layer insulation. The thickness depends upon 
the size of the conductor and the voltage stress between layers. For 
large conductors, the tension required to wind the coils is greater than 
for small ones; therefore the layer insulation must have greater mechani- 
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For section-wound coils with only one turn per layer, such as the 
coils used for the interleaved type of winding arrangement, the voltage 
per turn may be 70 to 80 volts, because additional insulation can readily 
be wound between turns. 




Fig. 245. — Partially wound low-voltage coil with three transposed conductors. 


For transformers for 7500 volts and higher, the end turns must be 
specially insulated because abrupt changes in potential may raise the 
voltage between the conductors near the terminals to many times the 
normal value. 7 The percentage of end turns that 
must be specially insulated varies from 2.5 per cent 
for 7500 to 15,000 volts to approximately 15 per cent 
for 220,000 volts. Messrs. Fleming and Johnson rec- 
ommend 2.5 per cent for 10,000-volt windings and 
an additional \ P er cent for every 10,000 volts. Figure 
247 shows the end-turn insulation for a 132, 000- volt, 
concentric-type winding. 

The insulation between core and windings and 
between high-voltage and low-voltage windings of con- 
centric-coil-type transformers generally consists of 
molded cylinders or rectangular tubes. These tubes 
have high dielectric and mechanical strength and are 

7 ‘‘Protection of Internal Insulation of a Static Transformer against High 
Frequency Strains,” by W. S. Moody, Trans. A.I.E.E., Vol. 26, Part 2, p. 1173; 
“Choke-Coils Versus Extra Insulation on the End Windings of Transformers,” by 
S. M. Kintner, Trans. A.I.E.E., Vol. 26, Part 2, p. 1169; “Transformers: Some 
Theoretical and Practical Considerations,” by A. P. M. Fleming and K. M. Fayo- 
Hansen, Journal I.E.E. Br., Vol. 42, 1908-09, p. 373. 
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not affected by insulating oils. The dielectric strength of the insulation 
between the various parts of the winding must be high enough to meet 



Fig. 247. — Concentric type winding and insulation — 132,000 volt transformer. 



Fig. 248. — Dielectric strength of insulating oil. 
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the requirements of service with a reasonable factor of safety. The 
dielectric tests made on transformers consist of standard low-frequency 
tests, which may be an applied-potential test, an induced-potential test, 
or both, and an impulse test. The method of making these tests, as 
well as the values of voltages to be used for them, are given in American 
Standards for Transformers, Regulators and Reactors 8 C57, 1948. 

The thickness of the insulation between high-voltage and low- 
voltage coils and between low-voltage and core will depend upon the 
voltage of the windings and upon the mechanical strength required for 
winding and assembling the coils. The dielectric strength of molded 
insulating tubes -J in. thick is 100 kilovolts. More complete informa- 
tion on the insulation thickness required for transformer windings is 
given by Messrs. Fleming and Johnson. 9 In addition to the insulating 
barriers, ducts are used between low-voltage winding and core, and 
between high- and low-voltage winding. The width of the ducts is 
generally \ in. in small-capacity transformers and r 5 e to \ in* in large- 
capacity, high-voltage, power transformers. These ducts are used 
primarily for cooling purposes, but for oil-immersed transformers they 
also have a marked insulation value. Insulating oils, such as used for 
transformers, have a high dielectric strength when clean and free from 
moisture. Figure 248 shows the relation between the amount of water 
in insulating oil and the dielectric strength. 10 The transformer stand- 
ards of the Electrical Manufacturers Association specify that insulating 
oil used for transformers must meet the following requirements : 

Transformer oils shall ho capable of withstanding at commercial frequencies, 
22,000 volts between 1-in. disc-terminals spaced 0.10 in. apart. 

For voltages above 0900 volts, the insulation between windings and 
between windings and core is generally arranged as shown in Fig. 249 
(see also Figs. 242 and 247). 

The thickness of the insulating collars at each end of the windings 
varies from \ in. for windings below 500 volts to 0 in. for 70,000-volt 
windings. Large-capacity, high-voltage power transformers must have 
rigid supports at the ends of the coils to prevent distortion produced by 
the short-circuit forces. 

For voltages below 0900 volts, the insulation between core and coils, 

8 These standards are obtainable from the American Standards Association, 
70 East 45 Street, New York 17, N. Y. 

8 “ Insulation anti Design of Electrical Windings,” pp. 155-175, Longmans, Green 
& Co., London; “ Ilerkolite Insulating Materials in Transformers,” General Electric 
Review, Vol. 29, Feb., 1920, pp. 102-108. 

10 “ Electric Insulating OH,” by Dean Harvey, Electric Journal, Vol. 25, Feb. 
and March, 1928. 
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tiG 249 — Sketch showing section thiough window of a high-voltage concentric 

disc type trinsfoimor 
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Fig 250 — Section of moderate voltage four-part distubuted-coi e-type transformer. 
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and between high-voltage and low-voltage winding, is generally a mica 
pad. Figure 250 is a sectional drawing of a moderate-voltage, dis- 
tributed-core-type transformer and shows the usual method of arrang- 
ing and insulating the windings. No ducts are used between high- 
voltage and low-voltage coils, but one duct is used in the high-voltage 
coil. To avoid hot spots and to insure uniform temperature, the thick- 
ness of the coils from outside to duct, between ducts, or from duct to 
core should generally not exceed 1.0 in. 

lnterleaved-type windings are usually insulated as shown in Figs. 226 
and 244. Pressboard collars are generally used to insulate the windings 
from one another. The insulation between core and coils is either 
molded insulation or pressboard. Ducts are provided between winding 
and between individual coils. The duct spacers are built up of press- 
board, or are of treated w ood. 

After the coils are wound, they are thoroughly dried and impreg- 
nated by the vacuum process or treated with insulating varnish, the 
method used depending upon the type and size of coil. Small trans- 
formers are generally treated by the vacuum process after the core and 
coils are assembled. The insulating varnish and impregnating com- 
pound fill all the crevices of the coils and cement the turns firmly 
together. The insulation is thereby greatly strengthened, the heat 
conductivity of the coils increased, and the winding made moisture 
proof. 
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OPERATING CHARACTERISTICS 

Resistance. — The length of the moan-turn of the windings can 
easily be calculated from a sketch of the coils (see the sample designs 
in Chapter XXIV). 

The weight of the copper in the low-voltage coil is, 

Gi = LitiSd X 0.321 lb. (220) 

and in the high-voltage coil, 

G h = L h t h s ch X 0.321 lb. (221) 

The copper loss plus stray load loss for the two windings, at 75° C., 
are calculated by formula 139a (see page 408). 

The resistance of each winding at 75° C. 

Ri = ohms, and It h = ohms. 

Jr Ih 2 

The total resistance of the transformer in terms of the high-voltage 
winding 

R t = R h + Ri— 0 = ohms. 

tr h~ 

The per cent resistance drop 

Pr = T -~ 100. 

Eh 

Leakage Reactance. — The leakage reactance can be calculated only 
approximately because certain assumptions must be made as to the 
length and area of the flux path. Formulas for calculating the react- 
ance of transformers have been developed by various authors. 1 The 

1 “Die Wechselstromtechnick, ” by Dr. Arnold, Vol. 2, pp. 22-29, Julius Springer, 
Berlin; “Die Transformatoren,” by Dr. Milan Vidmar, pp. 93-114, Julius Springer, 
Berlin; “Principles of Alternating Current Machinery/’ by R. R. Lawrence, pp. 
186-191, McGraw-Hill Book Co., New York* “The Essentials of Transformer 
Practice,” by E. G. Reed, pp. 115-123, D. Van Nostrand Co., New York. 
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leakage flux path for a core-type transformer with concentric winding 
and with the low-voltage coil on the inside and high-voltage winding 
outside is shown in Fig. 251. The total reactance, high voltage plus 
low voltage in terms of high voltage, for one leg of a transformer, with 
windings arranged as shown in Fig. 251, 


X* = 


21. bft'h 2 / d h + d t 
h X 10 8 \ 3 



Lh + Li 
2 


ohms. 


The per cent reactance drop 

„ Xih _ 21 . Sft'trlh (d h + d t , ^ L h + Lz 

p - - 100 - hKxwvir + d J—2— 

Here t' h = the turns per leg of the high-voltage winding. 
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Fig. 251. Fig. 252. 


When the windings on the two legs are connected in series, the per 
cent reactance calculated by formula 222 must be multiplied by 2.0, 
and when connected in parallel it must be multiplied by 0.50. Formula 
222 shows that the per cent reactance drop varies directly with the 
number of turns, the thickness of the coils, the spaces between windings, 
and the average mean-length of turn, and inversely with the length of 
the coils. 

A lower reactance drop can be obtained, for a given number of turns 
and core length, by arranging the windings as shown in Fig. 252. The 
per cent reactance for this arrangement 


P * 


10.ty'k 2 h 
hE h X 10 6 


/ dh -f- di 

\ (T" 



L h . 


(223) 
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The per cent reactance drop for the interleaved type of windings 
arranged as shown in Fig. 253 is 


P x - 


11 . 0 fth 2 ThXhi / Xhdxh + Xidxi 

w w E h X 10 6 V 6 


+ d ]LiJc±, 


The constant 


&4 = 1 — 


Xhd T h + xidxi + 2d 
2ttw w 


(224) 

(225) 


where Xh and xi are the number of high-voltage and low-voltage coils 
per group respectively, t'h is the number of high-voltage turns per group, 
and xm is the number of “ high-low ” groups. 



Fig. 253. 


This formula does not take into account the leakage flux that passes 
through the space between the coils of high-voltage and low-voltage 
groups, which is generally small. 2 
The per cent impedance drop 

Pz = Vp* + TV. 


The sustained short-circuit current for normal primary voltage 


r E h IX 100 

Is = — = — amperes. 

A rz 


(226) 


The mechanical forces 3 on the windings, set up electromagnetically, 
vary as the square of the current. On short-circuit, these forces may be 
large enough to distort the coils and destroy the insulation. The wind- 
ings of large capacity transformers must therefore be carefully braced 
to withstand the shocks due to short-circuits. 


2 “Beitrag zur Berechnung der Streuspannung von Transformatorenwicklungen, ’* 
by R. Kuechler, E. T. Z., Vol. 45, 1924, pp. 273 and 274. 

•“Die Wechselstromtechnik, ” by Dr. Arnold, Vol. II, p. 185, Julius Springer, 
Berlin; “Mechanical Stresses in Transformers , ” by J. F. Peters, Electric Journal, 
Vol. 12, Dec., 1915, p. 555. 
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Regulation* — The voltage regulation of a transformer is most con- 
veniently calculated by the formulas given in the Standards of the 
A.S.A., which are explained in various textbooks. For unity-power- 
factor load p 2 

Per cent regulation = P r + —rz approximately. 

ZuU 


For inductive loads of power factor cos 6 and reactive factor sin 0 

(cos 0P X — sin 0P r ) 2 


Per cent regulation = cos 0P r + sin 6P X + 
approximately. 


200 



Fig. 254. — Ampere-turns per joint. 


Exciting current. — The current that a transformer draws from the 
line at no-load may be thought of as consisting of two components: 
(1) the magnetizing current, I m , which is 90° out of phase with the 
impressed voltage, and (2) the core-loss current, I w , which is in phase 
with the impressed voltage. The curve in Fig. 254 shows the ampere- 
turns for each joint in the magnetic circuit of a transformer. The 
method of calculating the magnetizing current and the core-loss current 
is explained in the sample problems in Chapter XXIV. The exciting 
current 


Iq = V Iv? + I w 2 amperes. 
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Efficiency. — The losses in a transformer are no-load losses and load 
losses. The no-load losses include core losses, PR losses in the windings 
due to the exciting current, and dielectric losses. Of the no-load losses, 
only the core Josses are calculated because the remaining losses are 
generally so small that they may be disregarded. The curves in the 
Appendix give the loss per pound of transformer steel for various den- 
sities. In the finished transformer core, these losses are generally 
from 10 to 15 per cent larger, due to bending and shearing strains, 
imperfect insulation between sheets, etc. 

The load losses include I 2 R losses in the windings and stray losses 
due to stray fluxes in the windings, core clamps, etc. The PR losses 
for the windings are calculated by formula 139m ( The stray losses are 
difficult to predetermine accurately. Dr. Arnold 4 states that they 
are generally equal to from 5 to 25 per cent of the total copper losses^ 


The efficiency = 


Kva output X PF 
Kva output X PF + Ivw losses’ 


Temperature Rise. — The Standardization Rules of the A.S.A. 
specify that the limiting temperature rise of transformer windings 
insulated with cotton, silk, paper, and similar organic materials, when 
impregnated or immersed in oil, shall not exceed 55° 0. The tempera- 
ture is to be determined by resistance and checked by thermometer. 
The temperature rise can be predetermined approximately by calculat- 
ing the exposed surface of the core and ducts and of the coils and ducts. 
Practice has shown that the ducts are only half as effective as the out- 
side surfaces; therefore only half of the duct surface is used in calculating 
the effective radiating surface. For a temperature rise not to exceed 
55° C. the radiating surface in square-inches-per-watt loss should be 
equal to 3 to 4 for natural-air-cooled transformers, from 2.0 to 3.0 for 
natural-oil-cooled transformers, and from 1.0 to 1.75 for oil-and- water- 
cooled transformers. The method of calculating the total radiating 
surface is illustrated by the sample problems in Chapter XXIV. 

Design of Tank. — The heat generated by the losses is radiated by 
the exposed surfaces of the transformer to the cooling medium. When 
the transformer is immersed in oil, the heat is transmitted by the oil to 
the tank walls and thence to the surrounding air. Figure 255 shows 
the results of a test on a small distribution transformer operating at 
full-load in still air. The temperatures for the various parts of the 
tank are the values obtained after the temperature has become constant. 

* “Die Wechselstromtechnik,” Vol. 2, p. 360, Julius Springer, Berlin. 
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The maximum temperature of the oil, near the surface, is generally 
from 1.15 to 1.50 times the average temperature and depends upon the 
depth of oil above the transformer and upon the circulation. The 
dimensions of the tank are generally so proportioned that the amount 
of oil required will be as small as possible. The depth of oil above the 
transformer should never be less than 2 in. 

The difference between the temperature of the transformer windings 
and the average oil temperature is usually from 15° C. to 20° C. This 

difference depends upon the 
insulation on the coils, the 
thickness of the coils, etc. 
For a temperature rise of 55° 
(\ for the windings, the aver- 
age rise of the oil will then be 
from 35° C. to 40° C. 

Plain sheet -steel tanks 
such as shown in Fig. 230 are 
generally used for moderate- 
voltage distribution trans- 
formers of 25-Kva capacity 
and smaller. For a trans- 


Thermo\ 

Couple 

Coil Temperature 
By Resistance * 66 *C 

Room Temperature 20°^ 



^ Thermo Couple 

t bz ' S fan? ed h former temperature rise not 
to exceed 55° C\, the square 
inch wetted tank surface (not 
including top or bottom) per 
watt loss should be from 4 
to 5.5. 

F or large - capacity and 

high-voltage distribution 

transformers and for power 

_ . transformers, tanks with cor- 

ria. 255.— Oil temperature in various parts of , , . , .,i v 

transformer tank when operating at full load in ru & tod sldes or wlth COohn g 
s tin a i r . tubes are used. The square 

inch wetted tank surface re- 
quired for each watt will depend upon the type of tank used. For 
plain steel tanks with cooling tubes, the wetted square inch tank sur- 
face for each watt loss should be from 5 to 6. For corrugated sheet- 
steel tanks, 5 S/W is generally equal to from 6.0 to 9.0 sq. in. per watt loss 
and depends upon the pitch and depth of the corrugations. 

6 “Dissipation of Heat from Self-Cooled Oil-Filled Transformer Tanks,” by J. J. 
Frank and H. O. Stephens, A.I.E.E. Trans., Vol. 30, Part I, 1911, pp. 447-456. 
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The heating and cooling curves 6 for self-oil-cooled transformers 
can be predetermined with satisfactory accuracy when the specific heat 
of the various materials used in their construction is known. These 
curves are necessary to determine the average temperature rise of a 
transformer used for intermittent duty. 




Generally, only a small clearance is allowed between the transformer 
and the walls of the tank (see Figs. 232 and 233. The depth of the 
oil is then equal to the wetted area of the walls, divided by the perimeter 
of the tank. The approximate length of the corrugated surface per 
inch length of center line is given in Table XXXII for several types of 
corrugated tank walls. 

TABLE XXXII 


Figure 256 


a 

b 

Mean Length of 
Corrugation per 
Inch of Center Line 

li in. 

4 in. 

5.75 in. 

1J in. 

4 in. 

5.00 in. 

1} in. 

3 in. 

4.50 in. 

13 in. 

3 in. 

3 . 86 in. 

1} in. 

2 in. 

3.75 in. 

11 in. 

2 in. 

3.17 in. 

13 in. 

2 in. 

2.73 in. 


Figure 257 


a 

b 

Mean Length of 
Corrugation per 
Inch of Center Line 

2.00 in. 

4 . 0 in. 

4 . 45 in. 

2 . 25 in. 

4 . 0 in. 

4 . 05 in. 

2 50 in. 

4.0 in. 

3.66 in. 

3 00 in. 

4.0 in. 

3.42 in. 

2 . 00 in. 

3 . 0 in. 

3:51 in. 

2 . 25 in. 

3.0 in. 

3.12 in. 


The volume of oil required is equal to the volume of the tank, minus 
the volume of the transformer. 

* “ Essentials of Transformer Practice,” by Emerson G. Reed, 2nd ed., p. 136, 
D. Van Nostrand Co., New York; and “ Cooling of Transformer Windings after 
Shut-Down,” by V. M. Montsinger, General Electric Review, Vol. 22, Dec., 1919, 
pp. 1056-1066. 
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SAMPLE TRANSFORMER DESIGNS 


Design No. 1: Design of a 400 -Kva., Single-Phase, Core-Type Power 
Transformer . — The complete rating of the transformer is as follows: 
400 kva., single-phase, 60 cycles, 42,000 volts primary to 2400 volts 
secondary. The transformer is to be of the self-oil-cooled type and 
must carry its rated load continuously with a temperature rise not to 
exceed 55° C. The full-load 100 per cent power factor efficiency must 
not be less than 98.0 per cent and the ratio of losses should be approxi- 
mately 1.0. 

For a ratio of losses equal to 1.0, the flux density in the core can be 
chosen equal to 90,000 lines per sq. in. From the iron loss curves in 
the Appendix for 0.014-in., 4.0 per cent silicon steel, the loss per pound 
for this density w c = 1.40 X 1.12 = 1.57 watts, if the additional losses 
are taken equal to 12.0 per cent of the fundamental frequency loss (see 
page 432). 

For an average current density, A = 1500 amperes per sq. in., the 
copper loss per pound (formula 139a) 

w k = 2.58A 2 /rs X 10~ 6 = 2.58 X 1500 2 X 1.10 X 10~ 6 = 6.39 watts. 


The ratio of core weight to copper weight 

G c w k W c 6.39 

— = — X — = — — X 1 
G k w c Wk 1 ■ 57 


4.07. 


The output constant is taken equal to 0.45 (see page 411) and the 
net section area of the core 


A c = C 


/kva 10 11 
Gk 


BAf 
= 63.9 sq. in. 


= 0.45^ 


400 X 4.07 X 10 u 


90,000 X 1500 X GO 


The cruciform-shaped core section shown in Fig. 237 will be used for 
this transformer. The diameter of the core 


^ Ia c X 4 - / 63.9 X 4 

D " >n*r ‘ VriTxo'jo ■ 10 8; "* 10 ' 876k - 

The calculations for the core space factor, / Cfi , are given on page 413. 
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The dimensions of the core section (see Fig. 258) are: 

2a = 0.526Z) = 0.526 X 10.9 = 5.74; use 5.75 in. 

26 = 0.85D = 0.85 X 10.9 = 9.27; use 9.25 in. 

The total flux for a density of 90,000 lines per sq. in. 

0 = A..B = 66.0 X 90,000 = 5940 kilo-lines. 

The number of turns for high-voltage and low-voltage windings 

_ tij, X 10** 42,000 X 10 s 

'' ” 4 41/0* “ 4.44 X 60 X 5940 X 10 s 

= 2660. 


E, 2100 

'* = x u - 5^00 x 2000 = 152 - 

The full-load current in the two windings 

_ Kva X 10 :l 400 X 10' ! 

h £ - 4 — - 0.S2 amperes 

, t h , 2660 

1 1 = — / * = — —9.52 = 166.8 amperes. 

(, 152 1 

For the average current density assumed above, the section area of 
the conductors for the high-voltage and low-voltage windings 


A 1500 


= 0.00635 sq. in. 


T, 166 5 

- 0 IIlsq m - 
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It is desirable at this point to calculate the approximate core and 
copper weight, to determine whether the core dimensions selected above 
give approximately the ratio of core weight to copper weight desired. 

The flux density in the yoke will be made equal to the flux density 
in the core legs. The height of the yoke section 


66 

0.90 X 9.25 


= 8.08 in.; use 8^ 


The length of the yoke 

l v = w w + (2 X 2b) = 10.5 + (2 X 9.25) = 29.0 in. 
The total weight of the core 
Gc = [2l y A c + (2h w A r )] 0.272 


= [2 X 29.0 X 66.0 + (2 X 31 X 66.0)] 0.272 = 2155 1b. 


The clearance, ft between the two coils in the window opening should 
be approximately 1.25 in. The length of the average mean-turn for the 
windings 


l . - (z* + 5^4) . - (.0.9 + . - 


48.8 in. 


The approximate total copper weight 
Gk = 2t h s C hLav X 0.321 

= 2 X 2660 X 0.00635 X 48.8 X 0.321 = 529.0 lb. 


The ratio of core weight to copper weight 


Gc 

Gk 


2155.0 

529.0 


4.07. 


The dimensions of the window are, then, 

h w = 31 .0 in., w w = 10.5 in. 


DESIGN OF WINDINGS 

Low-Voltage Winding. — The section area of the low-voltage con- 
ductor, Sd = 0.111 sq. in. Two conductors, each 0.182 X 0.289-in. 
bare, 0.204 X 0.310-in. insulated, 0.0507 sq. in. area, are wound in 
parallel. 

A helical-wound coil with transposed conductors as shown in Fig. 245 
is used for the low-voltage winding. 
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The coils are insulated from each other by oil ducts; between 
the end coils wider ducts are used, as shown in Fig. 258. 

The width of each coil in the direction of the window height 

= 2 X 0.27 + 0.020 = 0.500 in. 

The four end coils have extra insulation and therefore require more 
space. If 10 per cent is allowed for the space required for the extra 
insulation, the width of each of the four end coils 

= 0.500 X 1.10 = 0.010 in. 

The total space occupied by the coils in the direction of the window 
height 

= 21 X 0.500 + 4 X 0.010 = 14.22 in. 

The total duct space between the coils (see Fig. 258) 

= 21 X A + 2 X l + A = 7.87 in. 

The high-voltage winding therefore occupies 22.09 in. in the direction 
of the window height. With a window opening 31 in. high, there is a 
space of 4.50 in. at each end of the winding, which is required for insula- 
tion and supporting collars. 

The insulation between the high-voltage and low-voltage winding 
consists of a 2 -in. duct, plus a pressed paper insulating cylinder x 5 g- in. 
thick, plus 2 -in. duct. The total thickness of the windings 

= H10.9 - 9.25) + 0.50 + 2 X 0.204 + 0.50 + 0.3125 + 0.50 + 

28(0.043 +0.015) = 4.67 in. 

The clearance between the coils in the window opening 
= 10.5 -2 X 4 . 67 = 1.16 in. 

The total flux 


E h X 10 8 _ 42,000 X 30 8 

4.44 ft h ~ 4.44 X 60 X 2000 


5940 . 0 kilo-lines. 


The flux density in the core 
^ 5940 X 10 3 _ „ 


= 90,000 lines per sq. in. 


The dimensions of the core have not been changed; therefore the 
total core weight is the same as given. 

The current density in the low-voltage winding 

, 166.5 

Ai = ■■■ ■;— = 1640 amperes per sq. m., 

2 X 0.0507 ’ 
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and in the high-voltage winding 


9.52 

0.00632 


1503 amperes per sq. in. 


The length of the mean-turn for the low-voltage winding 
Li = tt[ 10.9 + (0.50 X 2) + (2 X 0.204)] = 38.6 in., 
and for the high-voltage winding 

L h = 7r[10.9 + (2 X 0.50) + 2(2 X 0.204) + (2 X 1.3125) 
+ 28(0.043 + 0.015)] 

= 53.3 in. 

The copper weight for each of the w indings 
Gi = tiSriLi X 0.321 

= 152 X 2 X 0.0507 X 38.6 X 0.321 = 191.01b., 

Gh = thSchLh X 0.321 

= 2660 X 0.00632 X 53.3 X 0.321 = 298.01b. 

The total copper weight 

G k = 191 + 298 = 489.01b. 

The ratio of core weight to copper weight 

= 4 41 

G k 489 


This value of the ratio of weights is higher than the one calculated above 
because of the high current density chosen for the low-voltage winding. 
The output constant 


C = 


A. 


GG.O 


/kva G c /G k X 10" /40 

\ BAJ \90, 


400 X 4.41 X 10 11 
,000 X 1572 X 60 


= 0 . 466 . 


The copper space factor 

_ Schth. + 8 e it i _ 0.00632 X 2660 + 0.1014 X 152 
•'*“ h w w a ~ 31.0X10.5 

= 0.109. 


From the loss curve for 0.014 in., 4.0 per cent silicon steel, the loss 
per pound for a density of 90 kilo-lines per sq. in. 

w c = 1.40 X 1.12 = 1.57 watts per lb. 
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The total core loss 

Wc = WcGc = 1.57 X 2155 = 3380 watts. 

The PR loss plus stray load-loss in each of the windings at 75° C. 
Wi = 2.58 Ai 2 Gik 5 X 10- 6 

= 2.58 X 1640 2 X 191 X 1.10 X 10~ 6 = 1400 watts, 

W h = 2 . 58vl h 2 Ghkt X 10- 6 

= 2.58 X 1503 2 X 298 X 1.10 X 10 6 = 1910 watts. 

The ratio of losses 


Wc _ 3380 
W k ~ 3370 


1.003. 


The resistance of the low-voltage and high-voltage windings at 75° C. 





Wk 

Ik 2 


1400 
100 . 5 2 

1910 

9.52 2 


= 0.0527 ohm, 
= 21.1 ohms. 


The total resistance in terms of the high-voltage winding 


R, 


1400 + 1910 
9.52 2 


37 . 2 ohms. 


The per cent resistance drop 


Pr = 


hRt 

Ek 


100 = 


9.52 X 37.2 
42,000 


100 = 0 . 844 per cent. 


Formula 222 gives the per cent reactance drop for one core leg of a 
core-type transformer with concentric type winding. For our problem, 
the windings on the two core legs are connected in series; therefore, 
formula 222 must be multiplied by 2. 


_ _ 21.5/Q, 2 /), / dh 4~ di 


■P* = 2 


= 2 


+d )± 


+ Ei 


^ fc Xl0 6 \ 3 


21.5 X 60 X 1330 2 X 9.52/1.624 + 0.408 
22.09 X 42,000 X 10 6 V 3 

53.3 + 38.6 , 

= 4.29 per cent. 


+ 1.313 )X 


) 


3 
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The per cent impedance drop 

P. = VpJ~+P? = V4.29 2 + 0.844* = 4.37 per cent. 


The sustained short-circuit current for normal primary voltage 


Is 


I X 100 

P, 


9.52 X 100 
4.37 


= 218 amperes. 


To calculate the mechanical stresses on the windings due to the short- 
circuit current, see references on page 430. 

The per cent regulation for 100 per cent power factor load 

P x 2 4.37 2 

= Pr + 200 = 0844 + = 094 per cent> 


and for 80 per cent power factor load, per cent regulation 


= cos 6P r + sin 6P X + 


(cos 6P X — sin 6P r ) 2 
200 


= 0.80 X 0.844 + 0. GO X 4.37 

(0.80 X 4.37 -0.60 X 0.844) 2 
+ 200 

= 3.376 per cent. 

The mean length of the flux path is shown by the dotted line in 
Fig. 258 and is 

- (31.0 + 8.063)2 + (10.5 + 9.25)2 = 117.6 in. 

From the standard magnetization curve for 4.0 per cent silicon steel, 
the ampere-turns per inch for a density of 90 kilo-lines, at = 30.0. 
The total ampere-turns necessary to maintain the flux in the iron part 
of the magnetic circuit 

= at X 117.6 = 30.0 X 117.6 = 3528. 


The ampere-turns for each joint for a density of 90.0 kilo-lines = 113.0 
(see Fig. 254). With 4 joints in the magnetic circuit, the ampere-turns 

= 4 X 113.0 = 452. 


The magnetizing current 
T AT 3980 

in — / — — /— — 1.246 amperes. 

V2 t h V2 X 2660 
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The in-phase component of the no-load current 
j W e 3380 ....... 

u - Y, ” 42S00 - 0 0805 ampere5 ' 

The exciting current 

Io = V Im 2 + I w 2 = Vl.246 2 + 0.0805 2 = 1 . 248 ampere. 

The stray load-losses will be estimated equal to 10 per cent of the 
total PR losses (see page 432). The efficiencies and losses for various 
loads at 100 per cent and 80 per cent lagging power factor are as follows: 



1 

T 

2 

4 

i 

4 

¥ 

5 

T 

I 2 R + stray load-losses 

211 

843 

1,890 

3,370 

5,205 

Core losses 

3,380 

3,380 

3,380 

3,380 

3,380 

Total losses 

3,591 

4,223 

5,270 

0,750 

8,645 

Output 

100,000 

200,000 

300,000 

400,000 

500,000 

Input 

103,591 

204,223 

305,270 

400,750 

508,645 

Efficiency 100% PF. . . 

90.5 

97.9 

98.3 

98.3 

98.3 

Efficiency 80% PF 

95.0 

97.4 

97.9 

97.9 

97.9 


The total radiating surface of the transformer winding and core is 
calculated as follows: 

Core legs: (4 X 5.75 + 4 X 3.5)2 X 31 = 2290 sq. in. 

Yokes; (4 X 8.063 X 29 + 9.25 X 29.0 X 2 + 8.063 X 9.25 X 4) 

= 1769 sq. in. 

Low-voltage winding: (2 X 38.6 X 23.6 X 2) = 3640 sq. in. 

High-voltage winding: 2(0.56 + 1.624)53.3 X 25 X 2 = 11,640 sq. in. 

Total radiating surface = 19,339 sq. in., 

and the surface per watt loss 

S 19,339 ^ _ 

W ~ 6750 ” ■ ' 

For a corrugated sheet-steel tank, the surface per watt loss should be 
approximately 7.5 (see page 433). The total wetted tank surface 

S t = ( W c + W k )S/W = 6750 X 7.5 = 50,600 sq. in. 

Figure 258 shows the shape of the tank section and the position of the 
transformer in the tank. The length of the surface of the corrugations 
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TRANSFORMER DESIGN SHEET 


Phase, Single Cycles 60 

Line Amperes {^V ’ 166 

Type Circular Core 


Volts (lv 1 4 2 400 Phaao Volts < 

1 ’ ’ fHV 

Phase Amperes < L y » 

Type of Coolmg Self Oil 


Sheet steel 

Output constant 

Core leg Ccnl 

Area 

Diameter 

Dimensions 2a — 
Density 
Weight 
Core factor 
Yoke 
Area 

Dimensions 

Density 

Weight 

Copper spat e fat tor f t 
Window dimensions 
Lamination factor ki 


Center Out 

6b 
10 9 

2a = 5 75 2b = 9 25 
90 000 
1115 


0 014 Si 
0 43 

Outside 


66 0 
8,’n X 9 25 
90 000 
1040 
0 109 
105 X 31 0 
0 90 


Core and Windings 


Mean length of flux path 
Total ampere-turns 
Magnetizing t urrent 
Core loss current 
Exciting t urrent 
Amperes 
Per tent 


Per cent 

Resistance 0 844 

Rt aetanee 4 29 

Impedance 4 37 

Power factor I 80 I 100 

Regulation | 3 38 j 0 94 

Losst s 

lotal core 3380 

Stray load 308 

Totil copper 3062 

Per cent 

Load I 25 I 50 I 75 I 100 

h fht it ney | 96 5 | 97 9 | 98 3 | 98 i 

Stpiart mt hes per watt 2 87 

Ratio of losses 1 0 

Ratio of wt lghts . 4 41 

Tank 

Type of tank corrugated sheet steel 1 J X 4 0 
Square inches per watt 7 5 

1 ot il wt ttid surfac e 50 600 

Depth of oil 57 7 

G illons of oil 391 

Weight of oil 2740 

Cooling coils 
Size 
Le ngth 
Surface 

Water gallons per minute 


Type of winding 
Connections 
Conductor 
Dimensions 
Section 

Numbt r in paralk 1 
Current dc nsity 
Turns per phase 
Coils 

lotal number 
Per core leg 
Turns 
Per coil 
Per layer 
Number of layers 
Coil 

C onnections 
Dime nsions 

Duets number and size 
Insulation 
Layer 

Core and coils 
HV and LV 
Voltage per turn 

Maximum voltage between layers 
Length of moan-turn 
Copper 
W< lght 
Loss 

Resistance 75° C 

Per cent end turns with extra insulation 


High voi iagl 


0 043 X 0 27 d c c 
0 00632 
None 
1503 
2660 


t 

2 sections 
Series 

0 56 X 1 74 

21-1*6 2-h 1- 


* D + A P B + 1 D 
15 8 
885 
53 3 


LOW VOI1AGF 


0 204 X 0 31 d c c 
0 0507 
2 

1640 

152 


Scru b 

0 4 54 X 25 8 


A F B + 1 D 


Remarks * 21 coils 

56 turns 

t 21 coils 

28 turns per section 

1 coil 

50 turns 

1 coil 

25 turns per section 

1 coil 

44 turns 

1 coil 

22 turns per section 

1 coil 

36 turns 

1 coil 

18 turns per section 

1 coil 

24 turns 

1 coil 

10 and 14 turns per seetion 

Designed by J H Kuhlmann 


Daft 
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for each inch of length of the center line equals 5.75 in. The clear- 
ance between the outside of the coils and the inside of the tank is 8.7 in., 
and the length of the center line of the corrugated tank wall 

= 2(10.5 + 9.25) + t r X 36 . 0 = 152.5 in. 


The depth of the hot oil 


50,600 

152.5 X 5.75 


57.7 in. 


The volume of oil required is equal to the volume of the tank minus 
the volume of the transformer. The volume of the transformer can 
be calculated approximately from the weight of the active materials. 
The insulation, core clamps, coil supports, etc., occupy only a small per 
cent of the space required for the active material. The volume of the 
tank 

= Q X 36. 0 2 + 36 X 19.75^ 57.7 = 99,900 cu. in. 


The approximate volume of the transformer 


2155 489 

0.272 + 0.321 


= 9440 cu. in. 


The volume of oil required is therefore equal to 90,460 cu. in. 
The number of cubic inches in a gallon is 231; therefore 391 gallons of 
oil are required, or 0.978 gallons per kva. One gallon of transformer 
oil weighs approximately 7.0 lb.; the total weight of the oil is then 

7.0 X 391 = 2740.0 1b. 

In the assembly drawing of the transformer, Fig. 258, the core 
clamps, coil supports, etc., have been omitted. 

Design No. 2: Design of a 1000-Am, Three-Phase, Core-Type 
Power Transformer . — The complete rating of the transformer is as fol- 
lows: 1000 kva, three-phase, 60 cycles, 7960 volts primary to 575 
volts secondary, with delta-connected primary and secondary windings. 
The transformer is to be of the self-oil-cooled type and must carry its 
rated load continuously with a temperature rise not to exceed 50° C. 
The full-load, 100 per cent power factor efficiency must not be less than 
98.2 per cent and the ratio of the core loss to copper loss should be 
approximately 0.90. 

For a ratio of losses equal to 0.9, the flux density in the core can be 
taken equal to 90,000 lines per sq. in. For this density the core loss 
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per pound for 2.5 per cent silicon steel, 0.014 in. thick, 
w c = 1 55 X 1.12 = 1.74 watts per lb., 

if the additional losses are taken equal to 12.0 per cent of the funda- 
mental frequency loss (see page 432). 

For an average current density, A = 1600 amperes per sq. in., the 
copper loss per pound plus stray load-losses, 

w k = 2.58A 2 /t 5 X 10" 6 = 2.58 X 1600 2 X 1.10 X 10“ 6 
= 7.26 watts per lb. 


The ratio of core weight to copper weight 


Ge^ WkWr 
G h w c Wk 


7.26 

1774 


0.90 = 3.76. 


„ {K^G C /G k XlO" noA /lOC 
~ C yJ BAf \ 90,1 


10 00 X 3.76 X 10 11 
000 X 1000 X 00 


With an output constant equal to 0.39 (see page 411) the net core 
section area 

' JG k X 10 11 
BAf 

= 81.4 sq. in. 

The cruciform core section shown in Fig. 237 is chosen. The 
diameter of the core (see page 413), 

_ lAc X4 81.4 X 4 ioio . 

D = x — = x - — — = 12.18 m. 

\ rf„ \3. 14X0. 70 


Make this 12.125 in. and the dimensions of the core section (see Fig. 259) 
are: 

2a = 0.526 X D = 0.526 X 12.125 = 6.4; use 6J in. 

2b = 0.85D = 0.85 X 12.125 = 10.3; use 10.25 in. 


With these dimensions, the net section of the core 

A c = [6f X 10.25 + 61(10.25 - 61)] 0.90 = 81.1 sq. in. 

With a density of 90,000 lines per sq. in., the total flux 
<t> t = A C B = 81.1 X 90,000 = 7300 kilo-lines. 

The number of turns per phase for the high-voltage and low-voltage 
windings 

E h Xl0* 7960 X 10 8 

* 4.4V+I 4.44 X 00 X 7300 X 10» ’ 

‘'“f'*"f| 410 - 29 ' 6i USe30 0 - 
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Fig. 259 . 


Using 30.0 turns per phase on the low-voltage winding, the number of 
high-voltage turns per phase will be equal to 415. 

The voltage per turn 


7900 

415 


19.2 volts. 


The full-load current per phase for the high-voltage winding 


_ Kva X 10 3 
= 3 E> 


1000 X 10 3 ^ 0 

Tx'tooo = 41.8 amperes, 
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and for the low-voltage winding 


T Kva X 10 3 

h 3iT~ 


1000 X 10 3 ^ 

— — — = 580 . 0 amperes. 

3 X 575 * 


For the average current density assumed above, the section area of 
the conductor for the high-voltage winding 



41.8 

1600 


= 0.0261 sq. in. 


The area of the window opening 


h w w w 


4 Schth 
/« 


4 X 0.0261 X 415 
0.18 


= 241.0 sq. in. 


The copper space factor, /*, is taken from the curves (Fig. 239). 

If a window height equal to three times the width is chosen, the 
dimensions of the window are 


h w = V3 X 241 = 26.9 in.; use 27.0 in. 
241 

w w = — = 8.94 in.; use 9.0 in. 


With the flux density in the yoke equal to the flux density in the 
core legs, the height of the yoke 


81.1 


10.25 X 0.90 


= 8 . 80 in. ; use 8ii in. 


The length of the yoke 
l v = 2 w w + 3 X 25 = 2 X 9.0 + 3 X 10.25 
= 48.75 in. 


The total core weight 

Go = (2l y A c + 3h w Ac)0.272 

= (2 X 48.75 X 81.1 + 3 X 27.0 X 81.1)0.272 = 39401b. 


With a clearance, 0, between adjacent coils in the window opening 
equal to 1.0 in., the length of the average mean-turn for the windings 


Lav = (D + '^A)r= (l2.125 + ?-° ~ 10 ^ = 50.7in. 


2 
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The approximate total copper weight 
Gk = 2 X 3t),SchLav X 0.321 

= 2 X 3 X 415 X 0.0261 X 50.7 X 0.321 = 10601b. 

The ratio of active material weight is then 

Gc _ 3940 
G k 1060 

This is approximately the same as the value previously determined. 


DESIGN OF WINDINGS 


Low-Voltage Winding. — The low-voltage winding is placed close to 
the core and, consequently, has a shorter mean-turn than the high- 
voltage coil. A higher current density can therefore be used without 
excessive copper loss. With a current density equal to 1700 amperes 
per sq. in.; the conductor section 


580.0 
Scl ~ 1700 


0.341 sq. in. 


Five parallel conductors are used, each 0.182 X 0.305 in. bare, 
0.206 X 0.386 in. insulated, and of 0.0045 sq. in. area. With this 
conductor, the current density in the low-voltage winding 




580.0 

5 X 0.0045 


1800 amperes per sq. in. 


A helical-wound coil with transposed conductors such as shown in 
Fig. 245 is used. The five parallel conductors are wound on top of 
one another with a 0.25-in. duct between turns. The height of the 
low-voltage coil 

= 30 X 0.380 + 29 X 0.25 = 18.83 in., 
and the thickness of the coil 

di = 5 X 0.206 = 1.03 in. 

The insulation between the low-voltage winding and core consists of 
a pressed paper cylinder | in. thick and a J-in. duct, as shown in Fig. 259. 

High-Voltage Winding. — The high-voltage winding is wound over 
the low-voltage coil and therefore has a large mean-turn. To avoid 
excessive copper loss, the current density should be less than for the 
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low-voltage coil. With 1400 amperes per sq. in., the section area of 
the conductor 

41. & 

Sch = = 0.0292 sq. in. 

A conductor 0.114 X 0.258 in. bare, 0.133 X 0.276 in. insulated, 
0.0286 sq. in. area is selected, and 

41.8 

A h = - — — = 1460 amperes per sq. in. 

Disc-type coils with two turns per layer are chosen for the high- 
voltage winding. One-half of the turns of each coil are wound back- 
ward to avoid cross-overs. The two sections of each coil are insulated 
from each other by fuller-board 0.013 in. thick. The number of coils 
per core leg and number of turns per coil are as follows: 


Number of Coils 
per Core Leg 

Turns per Section 

Turns per Coil 

Total Turns 

25 

8 

16 

400 

1 

4 

8 

8 

1 

4 iind 3 

7 

7 

Turns per core leg. . 



415 





The coils are insulated from each other by J-in. ducts. Between 
the end coils, a wider duct is used as shown in Fig. 259. The width of 
the high-voltage coils 

= 2 X 0.275 + 0.013 = 0.563 in. 

If 10 per cent is allowed for the space required by the extra insulation 
on the end coils, then the width of the two end coils 

= 0.563 X 1.10 = 0.619 in. 

The total space required for the high-voltage coils in the direction 
of the window height 

= 25 X 0.563 + 2 X 0.619 = 15.32 in. 

There are twenty-five J-in. ducts and one A-in. duct between the coils. 
The total height of the winding is then 

= 15.32 + 6.81 = 22. 13 in. 

A clearance of 2.44 in. at each end of the winding for insulating and 
supporting collars is satisfactory for a 7960-volt transformer winding. 





452 


SAMPLE TRANSFORMER DESIGNS 


The window height is therefore reduced to 27.0 in. and the total clear- 
ance at both ends of the winding 

= 27.0 - 22.13 = 4.87 in. 


With the insulation between turns 0.013 in. thick, the thickness of the 
high-voltage coils 

= 0.133 X 8 + 7 X 0.013 = 1.155 in. 

The insulation between high-voltage and low-voltage windings con- 
sists of a f-in. duct, plus f^-in. pressed paper insulating cylinder, 
plus a £-in. duct. The total depth of the windings per core leg is then 

= 0.938 + 0.375 + 1.03 + 1 003 + 1.155 = 4.561 in. 


The clearance between adjacent coils in the window opening should 
preferably be about 1.0 in. for a transformer of this size. The window 
width is therefore increased to 10.125 in., and the clearance between 
coils equals 1.003 in. 

The dimensions of the window are then 

h w = 27.0 in., w w = 10. 125 in. 


The total flux 


_ E h X 10 8 _ 
4. 44/7 a 


7960 X 10 8 
4.44 X 60 X 415 


7200 kilo-lines. 


The flux density in the core 


7200 X 10 3 
B ~ 81.1 


88 . 7 kilo-lines. 


Since the dimensions of the window have been changed from the 
values first determined, it will he necessary to recalculate the weight 
of the core. The length of the yoke 

l v = 2 X 10.125 + 3 X 10.25 = 51.0in., 
and 

<?c = (2 X 51.0 X 81.1 + 3 X 27.0 X 81. 1)0.272 = 4010 lb. 

The length of the mean-turn for the low-voltage winding 

Li = *-[12.125 + (2 X 0.375) + 1.03] = 43.7 in., 
and for the high-voltage winding 

L h = *-[12.125 + (2 X 0.375) + (2 X 1.03) + (2 X 1*) + 1.155] 
= 57.2 in. 
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The weight of the copper in each winding 
Gi = 3 tiSfiLi X 0.321 

= 3 X 30 X 0.3225 X 43.7 X 0.321 = 407.01b., 
G h — SthSchLh X 0.321 

= 3 X 415 X 0.0286 X 57.2 X 0.321 = 655.01b. 


The total copper weight 
G k = 407 + 655 = 1062 lb. 


The linal value for the ratio of the weights of the active material is 
therefore 


Gc 

Gk 


4010 

1062 


3.77. 


The design constant for this transformer is then 
A e 81 1 


C = 


iKvaG./Gk X io u hoc 
\ BAf \ 88, 


1000 X 3.77 X 10 


ii 


700 X 1630 X 60 


= 0.301. 


The copper space factor 

2 (&y,A + «„f t ) = 2(0.0286 X 415 + 0.3225 X 30) 
J ‘ ~ h w w w ~ 27.0X10.125 


= 0.158. 


From the loss curve for 0.014 in., 2.5 per cenl silicon sheet steel, 
the loss per pound for a flux density of 88.7 kilo-lines per sq. in. 

w c = 1.52 X 1 . 12 = 1.70 watts. 

The total core loss 

W c = w c Gc — 1.70 X 4010 = 6820 watts. 

The PR loss plus stray load-loss in each winding at 75° C. 

W, = 2.58A l 2 G,k B X 10~ 6 

= 2.58 X 1800 2 X 407 X 1.10 X 10- 6 = 3740 watts. 

W h = 2.58 A h 2 G h k 5 x'10-6 

= 2.58 X 1460 2 X 655 X 1.10 X 10~ 6 = 3960 watts. 

The total copper loss plus stray load-loss W k — 3740 + 3960 = 7700. 
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The ratio of losses 


Wc _ 6820 
W k ~ 7700 


= 0 . 886 . 


The effective resistance per phase of the windings at 75° C. 

*■ - sB = rffh = 0 0037 ° hm per plm ”’ 

= = 3 x^i 8 2 = ° - 756 ohm per phase * 

The total resistance in terms of the high-voltage winding 
„ 3740 + 3960 

R t = — — ^ — =1.47 ohms per phase. 

The per cent resistance drop 

p r = Mi 100 = Hi L^iJ 7 100 = 0.771 per cent. 

Formula 222 must be used to calculate the per cent reactance, 
gives the reactance drop per phase for three-phase transformers 


21 . 5 ft h 2 I>i /dh + di \ Ijh + Li 


5ftk 2 h ( 

?J0« V 


21.5 X 60 X 41 5 2 X 41 
' 22.13 X 7960 X 10“ 

57.2 + 43.7 


K- 


155 + 1.03 


L.063^ 


= 4.76 per cent. 

The per cent regulation for 100 per cent power factor 

P 2 4 7A2 

= Pr + 2^ = 0 - 771+ -W = 0 - 884perCCnt ’ 


and for 80 per cent power factor load 

_ . „ (cos 0P X — sin 9P r ) 2 

= cos 6P r + sm 6P X + — 

(0.80 X 4.76 - 0.60 X 0.771) 2 
= 0.80 X 0.771 + 0.60 X 4.76 + — 

^UU 

= 3.53 per cent. 

An approximate method is used to calculate the magnetizing current 
for a three-phase transformer. The mean length of the magnetic circuit 



DESIGN OF WINDINGS 


455 


(see Fig. 259) is divided into three parts — the length, ab , from the center 
of the top yoke through the center core leg to the center of the bottom 
yoke and the length acdb and ac'd'b through the yokes and the outside 
core legs. The mean length of the path ab 

= 27.0 + 8.81 = 35.81 in., 
and of the paths acdb and ac'd'b 

= 2(10.125 + 10.25) + 8.81 + 27 = 76.56 in. 


The magnetizing current for the path ab 
35.81 X 26 + (110 X 2) 

I m — /— 

V2 X 415 


1 . 96 amperes, 


and for paths acdb and ac'd'b 

76.56 X 26 + (110 X 2) 

1 m — j — 

V2 X 415 

The core loss current 


3 . 77 amperes. 


W r _ 6820 

E h 3 ~ 7960 X 3 


0 . 286 ampere. 


The no-load current for each of the paths 

= V 1 . 96 2 + 0 . 286 2 = 1.98 amperes 

= V 3 . 77 2 + 0 . 286 2 = 3.78 amperes, 

and the no-load current for the transformer 

T 2 X 3 78 + 1.98 0 

/ o = = 3.18 amperes 

o 

3.18 

= - 100 = 7.60 per cent. 


The stray load-losses are estimated at 10 per cent of the total PR 
losses (see page 432). The efficiency and losses for various loads at 
100 per cent power factor are as follows: 



i 

4 

f 

3 

4 

4 

T 

5 

T 

PR + stray load-losses 

481 

1,924 

4,330 

7,700 

12,020 

Core losses 

6,820 

6,820 

6,820 

6,820 

6,820 

Total losses 

7,301 

8,744 

11,150 

14,520 

18,840 

Output 

250,000 

500,000 

750,000 

1,000,000 

1,250,000 

Input 

257,301 

508,744 

761,150 

1,014,520 

1,268,860 

Efficiency 

97.3 

98.3 

98.5 

98.6 

98.6 
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The total radiating surface of the core and windings is calculated 
as follows: 


Core legs: (4 X 0.375 + 4 X 3.875)3 X 27 
Yokes: (4 X 8.81 X51.0) + (10.25 X51.0 X 2) 

+ (4 X 8.81 X 10.25) 

Low- volt age coils: 2(18.83 + 1.03) X 43.7 X 3 
High-voltage coils 2(0.563 + 1.155) 57.2 X 27 X 3 
The total radiating surface 
and the surface per watt 


S_ _ 27,635 
W “ 14,520 


1.90. 


= 3,320 sq. in. 

= 3,205 sq. in. 
= 5,210 sq. in. 
= 15,900 sq. in. 
= 27,635 sq in., 


With a corrugated sheet-steel tank, the surface per watt loss should 
be from 6.0 to 9.0 (see page 433). If 7.5 is used, the total tank surface 

S t = (\V C + W k ) 7.5 = 14,520 X 7.5 = 109,000 sq. in. 


The shape of the tank section and the position of the transformer 
in the tank are shown in Fig. 259. A corrugated tank wall with a pitch 
of 1.75 in., depth of 4.0 in., and a mean length of 5.0 in. is selected. 
With a clearance 1 of 5.5 in. between the outside of the coils and the inside 
of the tank, the perimeter of the tank on the center line of the corrugated 
tank wall 

= 4(10.125 + 10.25) + 7t X 29.58 = 174.4 in. 


The depth of the hot oil 


109,000 
174.4 X 5.0 


125.0 in. 


The volume of the tank 

2(10.125 + 10.25)29.58 + ^29.58 2 J 
= 236,000 cu. in. 

The volume of the active materials 


-[■ 


125.0 


4010 1062 

0.272 + 0.321 


18,060 cu. in. 


The volume of oil required = 236,000 — 18,060 = 217,940 cu. in. 
This value is slightly high because the volume of the insulating material, 
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TRANSFORMER DESIGN SHEET 

Kva 1000 Phase 3 Cycles 60 Volts 7 Phase Volts 7 

{ HV 72 6 * fHV 41 8 

LV 1005 0 Phase Amperes 580 0 

Type Circular Core Type of Cooling Self Oil 



Core 


! 

Per cent 



Sheet steel 


0 014 3 0% Si 

Resistance 


0 771 

Output constant 


0 39 

Reactance 


4 76 

Core leg 

Center 

Outside ! 

Impt dance 


4 81 

Area 

| 81 1 



Power factor 

1 80 1 

100 

Diameter 

121 



Regulation 

| 3 53 | 

0 884 

Dimensions 

2a = 61 26 - 10 25 


Losses 



Density 

! 88 700 



lotal core 


6820 

Weight 

| 1780 



Stray load 


700 

C ore factor 



0 70 

Total copper 


7700 

Yoke 




Per cent 



Area 



81 1 

Load 

| 25 | 50 | 75 

1 100 

Dimensions 


8 81 X 10 25 

h ffineney 

97 3 98 3 98 5 

1 98 6 

Density 



88 700 

Square inches p< r watt 

1 90 

Weight 



2240 

Ratio of losses 


0 886 

Copper Hpace factor /, 


0 158 

Ratio of weights 


3 77 

Window dimcnsu ns 

10 125 

X 27 0 




Lamination fa( tor ki 


0 90 


Tank 


Core and Windings 


Type of tank corrugated sheet steel 1 75 X 4 0 
S juan inches pi r watt 7 5 

Mean length of flux i ath 

35 81 & 76 56 

lotal wetted suiface 

109 000 

Total ampere turns 

1150 & 2210 

Depth of oil 
Gallons of oil 


125 0 

Magnetizing current 

1 96 & 3 77 


944 0 

Con loss current 


0 286 

Weight of oil 


6600 

Exciting current 



3 18 

Cooling c ils 



Amperes 



Size 



Per cent 



76 

Length 

Surface 







| Water gallons per minute 



Windings 

Ilrou Voltage 

LOW VoiTAGE 

Type of winding 

Disc coils 

Helical 

Connections 

Delta 

Delta 

Condiu tor 



Dimensions 

0 133 X 0 276 d c c 

0 206 X 0 386 d o c 

St t tion 

0 0286 

0 0645 

Number in parallel 

None 

5 

Current density 

1460 

1800 

Turns per phase 

415 

30 

Coils 



lotal number 

81 

3 

Per core leg 

27 

1 

Turns 



Per coil 

* 

30 

Per layer 

t 

30 

Number of layers 

2-sections 

1 

Coil 



Connections 

Series 


Dimensions 

0 563 X 1 155 

1 03 X 18 83 

Ducts number and size 

25 1 & 1 ft 

0 25 Between turns 

Insulation 



Layer 

0 013 


( ore and coil 


iP B + ID 

HV and LV 

ID + ft P B 4- * D 

Voltage per turn 

19 2 


Maximum voltage t ctween layers 

307 


Length of mean turn 

57 2 

43 7 

Copper 

Weight 

655 

407 

Loss 

3960 

3740 

Resistance 75° C 

0 756 

0 0037 

Per cent end turns with extra insulation 

5 08 



Remarks * 25 ooils 16 turns f 25 coils 8 turns per section 


1 coil 8 turns 1 eoil 4 turns per section 

1 coil 7 turns 1 coil 3 to 4 turns per section 

Date 


Designed by J H Kidhmann 





458 


SAMPLE TRANSFORMER DESIGNS 


core clamps, coil supports, leads, etc., has not been included in calculat- 
ing the volume of the transformer. 

The number of gallons of oil required 


217,940 

231 


944.0. 


The total weight of the oil 

= 7.0 X 944.0 = 6600.01b. 

The core clamps, coil, and lead supports are not shown in the 
assembly drawing of the transformer, Fig. 259. 

Design No. 3: Design of 10-Kva, Single-Phase, Four-Part Distrib- 
uted-Core-Type Distribution Transformer. — The complete rating is as 
follows: 10 kva, single-phase, 60 cycles, 2300 volts primary to 115 
and 230 volts secondary. The transformer is to be of the self-oil- 
cooled type and must carry its rated load continuously with a tempera- 
ture rise not to exceed 55° C. The efficiency and regulat ion at full- 
load and 100 per cent power .factor should be approximately 97.5 per 
cent and 1.95 per cent respectively. The ratio of the core loss to the 
full-load copper loss should be approximately 0.40. The transformer 
must also be suitable for operation at 2-100 and 2200 volts. 

For the method of punching the laminations and assembling the 
core of this type of transformer see Fig. 228. The weight of the core is 
proportioned approximately as follows: center leg 20 per cent, yokes 
50 per cent, and outside legs 30.0 per cent of the total weight. The 
flux densities in the yokes and outside legs are generally 54.0 and 
67.0 per cent, respectively, of the density in the center leg. If the flux 
density in the center leg is assumed equal to 75,000 lines per sq. in., 
then the density in the yokes and outside legs should be approximately 
40,500 and 50,200 lines per sq. in. respectively. 

From the curve Fig. 234, the total flux for a 10-kva transformer 

<f>t = 900 kilo-lines. 


The section area of the center leg for the assumed density of 75 kilo- 
lines per sq. in. 


_ 900 X 10 3 
2? “ 75 X 10 3 


12.0 sq. in. 


The center core section is square, and the dimensions 


jl2~0 
“ \0.90 


= 3.65; use 3.68 in. 
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The core punchings are L-shaped and are assembled as shown in 
Fig. 260. The dimensions for the section of the outside legs are fixed 
by the center leg dimensions (see Fig. 260) and are 

= 1.84 X 2.76 in. 


The flux density in the yoke has been assumed equal to 40,500 lines per 
sq. in. The section area is then 


900,000 
4 X 40,500 


5.55 sq. in. 


The height of the yoke section is then 


5 55 

2.76 X 0 . 90 


= 2.24; use 2.25 in. 


The number of turns for the high- and low-voltage winding 

E h X 10 8 2400 X 10 8 


h = 


4.44/0* 4 44 X 60 X 900 X 10 3 


= 1000 . 


U = 


Ei 

En 


240 

2400 


1000 = 100. 


The flux densities assumed above are for the highest voltage at which 
the transformer is to operate; therefore 2400 volts is used for the 
calculation of the number of turns in the winding. 

To calculate the maximum current in the windings, the lowest 
voltage at which the transformer is to operate must be used. The 
full-load current in the windings 

r 10 X 10 3 , rr 

h = - 220Q ■ =4.55 amperes, 

and 

1 1 = - I h = 4.55 = 45.5 amperes. 

ti 100 y 


A current density of 1000 amperes per sq. in. is assumed. The 
section area of the conductor for high-voltage and low-voltage winding 


“ si ■ 0 00455 sq - 

*“ “ I “ 75S “ 0 0455 8q - in - 




EE 


,s?et 
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The area of the window opening 

, 2 t h s oh 2 x 1000 x 0.00455 

h.w. - — - ^ 

= 22.8 sq. in. 

The copper space factor, /*, is taken from the curves of Fig. 239. 

The ratio of window height to width may be taken equal to 3. 
The dimensions of the window 

h w = V 3 X 22 . 8 = 8.28; use 8.25 in., 

22 8 

w w = = 2.76; use 2.75 in. 

The mean length of the center and outside leg can be taken equal to 
the window height. The respective weights are then 

Center leg = 8.25 X 12.2 X 0.272 = 27.4 lb., 

Outside legs = 8.25 X 4.57 X 4 X 0.272 = 41.0 lb. 

The mean length of the yoke is 11.64 in. (see Fig. 260), and the weight 
Yokes = 11.64 X 5.59 X 4 X 0.272 = 70.8 lb. 

The total core weight 
G c = 139.2 1b. 

The mean length of turn for the windings 

Lav = 4 X 3.68 + tt(2.75 - 0.25) = 22.56 in. 

The approximate copper weight 

G k = 22.56 X 1000 X 0.00455 X 2 X 0.321 = 65.8 lb. 


The ratio of core weight to copper weight is then 



Center legs 73.8 1.008 27.4 27.6 

Outside legs 7 -49.2 0.471 41.0 19.3 

Yokes 40.2 0.358 70.8 25.3 


Center legs 73.8 1.008 27.4 27.6 

Outside legs 7 -49.2 0.471 41.0 19.3 

Yokes 40.2 0.358 70.8 25.3 


Total core loss 72.2 
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The losses should now be calculated to determine whether the 
selected core dimensions will give approximately 0.40 for the ratio of 
losses. The additional core losses will be assumed equal to 12 per cent 
of the fundamental frequency losses. 

The approximate total copper loss 

W k = 2.58A 2 G* X 10" 6 

= 2.58 X 1000 2 X 65.8 X 10~ 6 = 169.0 watts. 


The ratio of loss is then 


W c __ 72.2 
Wk 169.0 


0.427. 


DESIGN OF WINDINGS 

Low-Voltage Winding. — The conductor chosen for the low-voltage 
winding has the following dimensions: 0.162 X 0.258 in. bare, 
0.184 X 0.278 in. insulated, 0.0410 sq. in. area. The secondary 
winding must be so arranged that 115 and 230 volts can be obtained 
at rated capacity. To accomplish this, the low-voltage coil is divided 
into two equal sections, which are connected in parallel for 115 volts 
and in series for 230 volts. The total number of low-voltage turns 

h = 100 . 

The low-voltage coils will, therefore, be wound with two layers of 25 turns 
each, and one of the coils will be placed on the inside of the high-voltage 
coil and the other on the outside (see Fig. 260). 

For layer-wound coils, the space of one turn must be allowed for 
the start of the winding. The total height of the coils is then 

= 0.278 X 26 = 7.22 in. 

With a window height equal to 8.25 in., the space for insulation at 
each end of the winding equals 0.515 in., which is larger than necessary. 
The window can not be changed until the space required by the high- 
voltage winding has been determined. 

The voltage per turn 

240 

= — = 2.4° v <,lts, 

and the maximum voltage between layers 


= 2 X 25 X 2.4= 120 volts. 
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Paper insulation 0.024 in. thick will be used between layers of the low- 
voltage coils. 

The depth of each low-voltage coil is then 

= 2 X 0.184 + 0.024 = 0.392 in. 

The insulation between the core and winding consists of a paper 
channel 0.10 in. thick. 

High-Voltage Winding. — A No. 13 sq. d.c.c. copper conductor is 
selected from the copper table. The dimensions of the conductor are: 
0.072 X 0.072 in. bare, 0.083 X 0.083 in. insulated, 0.00465 sq. in. 
area. The high-voltage coil is divided into two sections by a J-in. 
duct through which the high-voltage leads are brought out. The total 
number of turns 

t k = 1000. 

Use 12 layers: 11 of 84 turns each, and one of 76 turns. 

The height of the high-voltage coil is then 

= 0.083 X 85 = 7.06 in. 

The maximum voltage between layers 

= 2.40 X 2 X 84 = 403.2 volts. 

Two layers of treated paper insulation, each 0.012 in. thick, are used 
between layers. The depth of the coil plus the duct is then 

= (12 X 0.083) + (10 X 0.024) + 0.25 = 1.486 in. 

The insulation between the yokes and the ends of the coils consists 
of a mica pad J in. thick plus press-board space blocks J in. thick for 
the low-voltage coils, and plus press-board space blocks 0.22 in. thick 
for the high-voltage coils (see Fig. 260). The height of the coils plus 
insulation is then : 

Low-voltage, 7.22 + 2(0. 125 + 0.125) = 7.72 in. 
High-voltage, 7 . 06 + 2(0 . 125 + 0 . 22) = 7.75 in. 

The window height is therefore reduced from 8.25 in. to 7.75 in. 

The insulation between the high-voltage and low-voltage windings 
consists, of a mica pad 0.15 in. thick. The total depth of the winding 

=0.10+0.392+0.15+1.486+0.15+0.392+0.10 = 2.77 in. 

The clearance between the outside core leg and the winding is too small. 
The window is therefore made 2.875 in. wide and the clearance = 0.105 in. 
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OPERATING CHARACTERISTICS 

The operating characteristics will be calculated for the normal 
voltage rating, that is, 2300 volts to 230/115 volts. 

The total flux 


E h X 10 8 2300 X 10 8 

4.44//* ” 4.44 X 60 X 1000 


&G3 kilo-lines. 


The dimensions, flux densities, weights, and losses for the various 
parts of the magnetic circuit are as follows: 



Section 

Area, 

Square 

Inches 

Flux 

Density, 

Kilo-lines 

Weight, 

Pounds 

Loss per 
Pound, 
Watts 

Total 

Loss, 

Watts 

Center leg 

12.2 

70.7 

25.7 

0.93 

23.9 

Outside leg 

4.57 

47.2 

38.6 

0.448 

17.3 

Y okes 

5.59 

38.6 

67 0 

0.342 

24.7 

Total core loss 

65/9 







The additional losses have been estimated at 12 per cent of the 
fundamental frequency loss. 

The secondary winding is symmetrical about the primary winding. 
The length of the mean-turn of the high-voltage coil is therefore also the 
average mean-turn for the low-voltage winding. 

L* = 4 X 3.68 + 7r(2 X 0.10 + 2 X 0.392 + 2 X 0.15 + 1.486) 

= 23.42 in. 


The copper weight for the two windings 
Gi == 23.42 X 100 X 0.041 X 0.321 = 30.9 lb. 

G h = 23.42 X 1000 X 0.00465 X 0.321 = 35.0 lb. 


The ratio of core weight to copper weight 


Ge 

Gk 


136.5 

65.9 


2.07. 


The copper space factor 


/.= 


Scrfh ~H Scltl 
h w w w 


0.00465 X 1000 + 0.041 X 100 


0.393. 


7.75 X 2.875 
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The full-load current in the windings for the normal voltage rating 
1 1 = 43.5 amperes, and I h = 4.35 amperes. 

The current densities 
43.5 

A i = - = 1060 amperes per sq. in., 

4.35 

Ah — ~ = 935 amperes per sq. in. 

0.00465 

The PR losses plus stray load-losses at 75° C. 

Wi = 2.58/1 ^G/fcslO-' 1 = 2.58 X 1060 2 X30.9 X 1. 10 X 10“° = 98.2 watts, 
W k = 2.58 X 935 2 X 35.0 X 1.10 X 10“ 6 = 86.4 watts. 

The ratio of losses 


If. 


65.9 


= 0.357. 


W k 184.6 

The effective resistance of the windings at 75° C. 

K ‘“5"S' 0 052oto * 

The total resistance in terms of the high-voltage winding 
98.2 + 86.4 


R t = 


4.35 2 


= 9.75 ohms. 


The per cent resistance drop 


P r = 


IhRt 

F th 


100 = 


4.35 X 9.75 
2300 


100 = 1.85 per cent. 


Formula 223 must be used to calculate the per cent reactance drop, 


P x 


10.8 fUHk / dn + di 
hE h X 10 fi \ 6 


+ d ) Lk 


= 10 8 X 60 X 1000 2 X 4.35 / 1,51 + 0.784 \ 

7.06 X 2300 X 10° \ 6 ~ + - 15 ) 23 ' 


= 2.17 per cent. 
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The per cent impedance drop 
P, - VP? + P 2 = Vl.85 2 + 2.17 2 = 2.85 per cent. 
The per cent regulation for 100 per cent power factor 
p 2 2 17 2 

= ^ + 2^ =1 ' 85 + W =1 - 87pCrCent > 


and for 80 per cent power factor 
= cos 0P T + sin QP X + 

= 0.80 X 1.85 + 0.60 X 2.17 


— sin 6P,) 2 
200 

(0.80 X 2.17 - 0.60 X 1. 
+ " 200 


85) 2 


= 2.782 per cent. 


The approximate mean length of the flux path for the various parts 
of the magnetic circuit and the corresponding number of ampere-turns 
are as follows: 



Flux 

Density, 

Kilo-lines 

Mean 

Length, 

Inches 

Ampere-turns 
per Inch 

Ampere-turns 

Center leg 

70.7 

7.75 

7.1 

55.0 

Outside leg 

47.2 

7 75 

2.9 

22.5 

Yokes 

38.0 

11.89 

2.2 

20.2 

Joints 

38.6 



12.0 

Total ampere-turns 




115.7 







The magnetizing current 

AT 115.7 

Im = V2 X t K ~ 142 X 1000 


0.0815 ampere. 


The core loss current 
W 65 9 

'af- 2300 “ 0 0286 3mpore - 
The exciting current 


Jo = Vu + IJ = V0 . 0815 2 + 0 . 0286 2 = 0.0864 ampere 
= ' — — =1.98 per cent of the full-load current. 


4.35 
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The stray load-losses are estimated equal to 10 per cent of the total 
PR losses (see page 419). The losses and efficiencies for various loads 
at 100 per cent power factor are as follows: 



i 

¥ 

2 

¥ 

9 

¥ 

4 

¥ 


I 2 R + stray load-losses 

11.52 

46.10 

103.8 

184.6 

288.2 

Core losses 

65.90 

65.90 

65.9 

65.9 

65.9 

Total losses 

77.42 

112.00 

169.7 

250.5 

354.1 

Output 

2500.00 

5000.00 

7500.0 

10,000.0 

12,500.0 

Input 

2577.42 

5112.00 

7669.7 

10,250.5 

12,854.1 

Efficiency, per cent 

97.1 

97.8 

97.8 

97.6 

97.2 


The total radiating surface of core and coils is calculated as follows: 


Outside legs: (1.84 + 2.76)2 X 7.75 X 4 = 285.0 sq. in. 

Yokes: (2.25 + 2.76)2 X 11.89 X 4 + 2.25 X 2.76 

X 4 X 2 = 527 . 0 sq. in. 


Windings: 23.42 X 7.06 + 32.12 X 7.22 + 23.42 

X 2.77 X 2 

The radiating surface per watt loss 


527 0 sq. in. 
1339 . 0 sq. in. 


s_ 

w 


1339.0 

250.5 


= 5.34 (see page 432). 


A plain sheet-steel tank will be used. The surface per watt loss 
should then be about 4.50 (see page' 433). The total area of the tank 
walls 

St = (W e + W k )S/W = 250.5 X 4.5 = 1130.0 sq. in. 

The tank is circular in section, as shown in Fig. 260. The over-all 
dimensions of the transformer are: 

Width: 3.68 + 2 X 2.875 + 2 x 1.84 = 13.11 in. 

Height: 7.75 + 2 X 2.25 = 12.25 in. 


Make the inside diameter of the tank 14.25 in., then the outside 
diameter is 14.375 in., if the thickness of the wall is ^ in. 

The depth of the hot oil 


1130.0 
7T X 14.375 


25.0 in. 
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TRANSFORMER DESIGN SHEET 

Kva, 10 Phase Single Cycles 60 Volts (j^y j R5 *230 Phase Volts j^y ’ 

Line Amperes j^yf 87 0^43 5 Phase Amperes ^y 

lype Four Part Distributed Core Type of Cooling Self Oil 



Core 


Sheet steel 

0 014 4 5% Si 

Total flux 


863 0 K L 

Core leg 

( enter 

Outside 

Area 

12 2 

4 57 

Diameter 



Dimensions 

3 68 X3 68 

1 84 X2 76 

Density 

70 7 

47 2 

Weight 

25 7 

38 6 

Core factor 



Yoke 



Area 


5 59 

Dimensions 


2 25 X 2 76 

Density 


88 6 

Weight 


72 2 

Copper space fat 

tor /, 

0 393 

Window dimensions 2 875 X 7 75 

Lamination factor k\ 

0 90 


Core and Windings 

Mean length of flux path 7 7 5 775 11 89 
Total ampere turns 55 0 22 5 26 2 

Magnetizing ( urrent 0 081 5 

Core loss curicnt 0 0286 

Lxciting current 

Amperes 0 0864 

Per cent 1 98 


Per cent 
Rt sistance 
Reactance 
Impedance 

Power fac tor I 

Regulation | 

Losses 
T tal core 
Stray load 
Total coppt r 
Per cent 

Load I 25 I 50 

1 ffieiency | 97 1 | 97 8 
S piare mein s j t r w itt 
Ratio of losses 
Ratio of weights 

Tank 

Type of tank plain sheet steel 

b iuarc inches jtr watt 

T tal wt ttf d surf at e 

Depth of oil 

Gallons of oil 

Wc lght of oil 

Cooling coils 

%J7t 

Length 

Surface 

Water gallons pi r minute 


80 
2 78 


75 
97 8 


185 
2 17 
2 85 
100 
1 87 

65 9 
16 77 
167 70 


100 
97 6 
5 34 
0 357 
2 07 


4 50 
1H0 0 
25 0 
14 2 
99 4 


Windings 


TIioit Voitage 


Low \ OLl AGE 


Type of winding 
Connections 
Condut tor 
Dimensions 
boetion 

Number in paralltl 
Current density 
Turns per phase 
CoiIb 

Total number 
Per core leg 
Turns 
Per coil 
Per layer 
Number of layers 
Coil 

Connections 

Dimensions 

Ducts number and si/c 
Insulation 
Layer 

Core and coiIh 
II V and I V 
Voltage per turn 

Maximum voltage between layers 
Length of mean turn 
Copper 
Weight 
Loss 

Resistance 75° C 

Per cent end turns with extra insulation 


C oiiccntno 

Cone entnc 

I 083 X 0 083 d c c 

0 184 X 0 276 d c 

0 00465 

0 041 

None 

Noni 

935 

1060 

1000 

100 

i 

2 

1 

2 

1000 

50 

11 84 and 1 76 

25 

12 

2 

St ncs Parallel 

1 51 X 7 06 

0 392 X 7 22 

1 1 

0 024 

0 024 

0 10 PB 

0 15 mica pad 


2 4 

24 

403 2 

120 

23 42 

23 42 

35 0 

30 9 

78 5 

89 2 

4 14 

0 0472 


Remarks 


Designed by J H Kuhlmann 


Date 
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The volume of the tank 


= 7 X 14. 25 2 X 25.0 = 3980.0 cu. in. 

4 

The volume of the transformer, if calculated from the active material 
weights with no allowance for insulation, core clamps, etc., 

136.5 , 65.9 

= — — + — — = 707 . 0 cu. in. 

0.272 0.321 

The volume of oil required 

= 3980.0 - 707.0 = 3273.0 cu. in. 

The number of gallons of oil 

= 3273.0 X 0.00433 = 14.2. 

The weight of the oil 

= 14.2 X 7.0 = 99.4 lb. 

An assembly drawing of the transformer without core clamps and 
lead supports is shown in Fig. 260. 

Design No. 4: Design of Power- Supply Transformer for Electronic 
Amplifier. — The primary winding of this transformer is to be for 115 
volts at 60-cycle frequency. The secondary is to have three windings, 
one for 800 volts with center top and 0.15-ampere capacity, the second 
for 12.6 volts with center top and 2.0-ampere capacity, and the third for 
5 volts and 1.0-ampere capacity. The temperature rise for continuous 
duty and rated output must not exceed 55° C. 

The volt-ampere rating of the transformer 

VA = 800 X 0.15 + 12.6 X 2.0 + 5 X 1.0 = 150.2. 

For an efficiency of 90 per cent the input 

150.2 „ w , 

= — — = 167 volt-amperes. 

U . i/U 

The input or primary current 
r 167 i 

I p — — — =1.45 amperes. 

115 

From the induced voltage equation, the number of turns required in 
the primary winding 

E p X 108 


tn — 


4.44/ X BA c ki 
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The flux density in core determines the core losses as well as the 
magnetizing current. For 2.5 to 3.0 per cent silicon sheet steel not over 
0.025 in. thick, the core density can generally be equal to 80 kilo-lines 
per sq. in. for 60 cycles. For 25 cycles, core densities up to 95 kilo- 
lines per sq. in. may be used. For 400 cycles, 29 gauge sheet steel 
should be used, and the core density usually can not exceed 40 kilo-lines 
per sq. in. If cold reduced sheet steel 0.007 in. thick is used and the core 
is rolled up so that the flux passes only in the direction in which the sheet 
has been rolled, the core density may be 80 kilo-lines for 400 cycles. 
The stacking factor, /rj, is 0.90 for 29-gauge 0.014-in. sheet steel; for 
24-gauge 0.025-in. sheet steel, 0.95 is used. 

The core construction may be either core type or shell type. The 
shell-type core construction has been found most satisfactory for these 
small transformers and is adopted for this design. 

The number of turns that can be placed in a given window opening 
depends upon the size of wire and the insulation requirements. The 
copper loss in any winding varies directly with the square of the current 
density in amperes per square inch and the weight of copper in the 
winding. Economical considerations require that the minimum-size 
conductors consistent with temperature rise, voltage regulation, and 
efficiency be used. Temperature rise rather than voltage drop or 
efficiency will probably be the controlling factor in most designs. The 
final operating temperature will depend upon the losses in the trans- 
former, the radiating surface, the method of cooling, and the ambient 
temperature of the surrounding air. If the transformer is mounted on 
or adjacent to large metal surfaces or if forced circulation of air is used, 
greater losses can be dissipated without excessive temperature rise. If, 
however, the transformer is mounted in the same compartment or 
adjacent to other hot objects, such as vacuum tubes, considerably higher 
operating temperatures will be encountered. For dry-type transformers 
located in free air for which voltage regulation and efficiency are not 
the controlling factors, the maximum safe current density can be taken 
equal to 400 circular mils per ampere or 3180 amperes per sq. in. The 
conductor section 

s c = I X A circular mils, 

where A is the current density in circular mils per ampere. 

The windings of these small transformers are usually wound on 
automatic winding machines with paper insulation between the various 
layers. To make the coils self-supporting and to provide insulation on 
each end of the coils, the insulating tube on which the coil is wound as 
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well as the layer insulation is allowed to extend beyond the winding. 
The extension of the insulation on each end of the coil is called the 
margin and varies with the size of wire and the voltage of the winding. 
Table XXXIII gives the current capacity of various sizes of wire based 
on 400 circular mils per ampere, the margin allowance for each end of 
the winding, the turns per inch, and the pile-up. The pile-up is the 
space required by the insulated wire plus the layer insulation. 

TABLE XXXIII 


A.W.G. 
Gauge No. 

Current 

Capacity 

Turns 
per Inch 

Margin 

Pile-up 

15 

8.13 

15.6 

0.250 

0.0755 

16 

C 40 

17.5 

.187 

.0653 

17 

5 12 

19.6 

.187 

.0592 

18 

4 06 

21.8 

.187 

.0535 

19 

3 22 

21.3 

.150 

.0465 

20 

2 56 

27.1 

.156 

.0421 

21 

2 02 

30.4 

.156 

.0382 

22 

1 00 

34.0 

. 125 

.0324 

23 

1 .27 

37.9 

.125 

.0294 

24 

1 01 

42 2 

.125 

.0256 

25 

0 80 

47.2 

.125 

.023 

26 

.63 

53.0 

.125 

.0208 

27 

50 

59 

.125 

.0184 

28 

40 

65 

.125 

.0165 

29 

.32 

72 

125 

.0149 

30 

.25 

79 

.125 

.0133 

31 

.20 

88 

.125 

.0120 

32 

.16 

100 

.094 

.0109 

33 

.125 

113 

.094 

.0099 

34 

.100 

125 

.094 

.0086 

35 

.079 

141 

.094 

.0078 

36 

.0625 

158 

.094 

.0072 

37 

.0495 

178 

.094 

.0065 

38 

0394 

195 

.062 

.006 

39 

.0312 

221 

.062 

.005 

40 

.025 

245 

.062 

.0045 


Assuming that half of the window width is required for the primary 
winding, the number of primary turns that can be w r ound in a given 
window 

turns . . /_ K w w - i\ 

t p = - — — (hw — margin) (0.5 — ) • 

inch \ pile-up/ 

For 115-volt primary windings and secondary voltages not over 1000 
volts, the insulation allowance, i, can be taken equal to 0.08 in. for a 
window area less than 0.75 sq. in. and 0.125 in. for larger window areas. 

From Table XXXII the minimum size of conductor for the primary 
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winding should be a No. 22 wire. In order to obtain better than mini- 
mum performance characteristics, a No. 21 wire is chosen. For the 
lamination shown in Fig. 261, the primary turns 


U 


= 30.4(2^ - 0.312) ^0.5 ° 4( ^ 038 Q 2 12 -^ = 290 turns. 


For a core density of 80 kilo-lines per sq. in., the gross core area 

540 



A c = 


= 2.07 sq. in. 


290 X 0.90 

The length of stack required for a cen- 
ter leg width of 0.875 in. 

2.07 


0.875 


= 2.36 in. 


Fig. 261. — Transformer 
lamination. 


To meet standard core-winding forms 
and insulating tubes, 2.5 in. is used. 
The number of primary turns for core 
density, 80 kilo-lines per sq. in., 

2.36 


tp ~ 2.50 


290 = 274 turns. 


The number of turns in the secondary windings must then be 


5 

t a 5 = 77-274 = 11.9; use 12. 
115 

<. 12.6 = X 274 = 30. 

115 

800 

z. 800 = — X 274 = 1910. 

115 




7 2. 6 vott secondary /layer 
30 turns *21 enamel 
'll 5 volt primary 5 layers 
55 turns each *2! enamel 


5 volt secondary I 2 turns 
*24enamef 
'800 volt secondary 1 1 layers 
174 turns each* 3 / enamel 


The size of conductors for the sec- 
ondary windings are determined with 
the help of Table XXXIII. For the 
5-volt secondary winding, a No. 24 
enamel wire is selected and for the 
12.6-volt winding, a No. 21 enamel 
wire. For the 800-volt winding, a 
No. 31 enamel wire is chosen which is one size larger than the mini 
mum given in Table XXXIII. 


Fig. 262. — Arrangement of 
former windings. 


trans- 
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The windings are wound on the core as shown in Fig. 262, and the 
total winding space in the window width is as follows: 


Core insulation 0 . 025 in. 

One layer, 30 turns No. 21 enamel 0.0382 in. 

Two layers, 0 . 003 in. varnished cambric ... 0 . 006 in. 

Five layers, 55 turns No. 21 enamel 0.191 in. 

Three layers, 0 . 003 in. varnished cambric ... 0 . 009 in. 

One layer, 12 turns No. 21 enamel 0.0256 in. 

Three layers, 0 . 003 in. varnished cambric . . 0 . 009 in. 

Eleven layers, 174 turns each No. 31 enamel. 0 . 132 in. 
Two layers, 0 . 003 varnished cambric 0 . 006 in. 

Total 0.4418 in. 


The total clearance between the winding and the outside core leg is 
0.468 — 0.442 = 0.026 in. If the manufacturing methods do not per- 
mit such close tolerance, the core stack must be increased and the 
number of turns decreased. If it is desirable to have a more nearly 
square center core leg, then a lamination with wider center core leg 
must be selected. 

The length of the mean-turn of the various windings is 
Ls i 2.6 = (0.875 + 2.5)2 + tt[2 X 0.025 + 0.038] = 7.03 in. 

L p = (0.875 + 2.5)2 

+ 7t[2 (0 . 025 + 0.038 + 0.006) + 0.191] 

= 7.78 in. 

Ls5 = (0.875 + 2.5)2 

+ ir[2(0.025 + 0.038 + 0.006 + 0.191 + 0.009) 

+ 0.026] 

= 8.52 in. 

Ls5 = (0.875 + 2.5)2 

+ tt[2(0.025 +0.038+0.006+0.191 
+ 0.009+0.026+ 0.009) 

+ 0.132] 


= 9.07 in. 
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The resistance of the windings at 75° C. is 
7.03 X 30 X 0.82G 


K a i2.e = 


Rn = 


22,5 = 


0.000638 X 10 6 

7.78 X 275 X 0.826 
0.000638 X 10 6 

8.52 X 12 X 0.826 
0.000317 X 10° 


= 0.273 ohm. 


= 2.77 ohms. 


= 0.267 ohm. 


„ 9.07 X 1914 X 0.826 _ n L 

72*800 = — — — — — — — = 231.0 ohms. 

0.0000622 X 10° 


The copper losses at 75° C. in the different windings are 

IP *i 2.6 = 2.0 2 X 0.273 = 1.09 watts. 

W p = 1.45 2 X 2.77 = 5.82 watts. 

W s5 = 1 .0 2 X 0.267 = 0.267 watt. 

TPssoo = 0.15 2 X 231.0 = 5.20 watts. 

The total copper loss = 1.09 + 5.82 + 0.267 + 5.2 = 12.38 watts. 

The core weight is best determined by weighing a given number of 
finished laminations. If such information is not available, then it must 
be calculated from the dimensions of the core. 


The outside core legs = 0.438 X 2.438 X 2.0 X 2.5 X 0.90 X 0.278 
= 1.33 lb. 

The center core leg = 0.875 X 2.438 X 2.5 X 0.90 X 0.278 
= 1.33 lb. 

The yokes = 0.438 X 2.688 X 2.0 X 0.90 X 0.278 
= 0.591b. 

For 29-gauge electrical-grade sheet steel, the loss per pound is 1.72 
watts, and the total core loss, including the additional losses, 

Wc = 1.72 X 3.25 X 1.15 = 6.44 watts. 


The data for the losses of 29-gauge electrical grade sheet steel are 
not given in the Appendix; they can be found in Engineering Manual 3, 
U.S.S. Electrical Steel Sheet, U.S. Steel Corporation, Pittsburgh, Pa. 
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The efficiency for unity power factor load is 


150.2 

150.2 + 6.44 + 12.38 


88 . 7 per cent. 


The heat-dissipating surfaces are all surfaces exposed to the cooling air. 
For the core, the cooling surface is 


Outside legs = 0.438 X 2.438 X 4 + 2.5 X 3.312 X 2 
= 19.87 sq. in. 

Yokes = 0.438 X 2.688 X 4 + 2.688 X 3.312 X 2 


= 21.35 sq. in. 

For the winding, the exposed surfaces are 

Coil ends = (0.875 + 0.468) tt X 0.468 X 2 = 3.94 sq. in. 

Coil outside = (0.875 + 0.936) tt X 2.438 = 13.90 sq. in. 

The total cooling surface = 19.87 + 21.35 + 3.94 + 13.90 = 59.06 sq. 
in. The cooling surface per watt loss 

59.06 

= = 3.14. 

6.44 + 12.38 


The surface per watt loss for small dry-type transformers in free air 
should be over 3 sq. in. per watt for a temperature rise not to exceed 
50° C. 

This transformer is designed with the turns ratio equal to the no- 
load voltage ratio. If the load on the transformer is constant, the 
secondary turns are sometimes increased to compensate for the voltage 
drop in the windings. The voltage regulation can be calculated by the 
same methods used for distribution and power transformers. The leak- 
age reactance is usually so small that it can be neglected. 
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Additional losses, direct-current ma- 
chines, 123, 132, 157 
induction motors, 330, 346, 373, 390 
synchronous machines, 252, 262, 286 
transformers, 432, 435, 447, 464, 474 
Air blast transformer, 407 
Air gap, ampere-turns, direct-current 
machines, 65, 67, 77, 143 
induction motors, 328, 344 
synchronous machines, 216, 222, 271 
coefficient, direct-current machines, 66, 
77, 143 

induction motors, 328, 343, 367, 
386 

synchronous machines, 216, 221, 271 
density, average values of, direct- 
current machines, 16 
induction motors, 297 
synchronous machines, 176 
direct-current machines, 65, 77, 143 
induction motors, 314, 367, 386 
synchronous machines, 215, 221, 271 
length, approximate minimum value of 
direct-current machines, 24, 30, 
84 

induction motors, 316, 324, 365, 
384 

synchronous machines, 180, 235 
section, direct-current machines, 66, 
76, 142 

length of, synchronous machines, 
215, 220, 271 

synchronous machines, 215 
Aluminum, resistance of, 333 
Ampere conductors per inch of, armature 
circumference, direct-current 
machines, 16, 56, 61, 140 
synchronous machines, 176 
stator gap circumference, induction 
motors, 298 

Ampere-turns, armature teeth, direct- 
current machines, 67, 76, 142 
synchronous machines, 217, 221, 271 


Ampere-turns, armature yoke, direct- 
current machines, 69, 78, 144 
synchronous machines, 217, 222, 272 
field pole, direct-current machines, 70, 

79, 145 

synchronous machines, 219, 223, 274 
field yoke, direct-current machines, 72, 

80, 146 

synchronous machines, 220, 225, 275 
per commutating pole, 111, 118, 152 
per inch of flux path, 65, Appendix 
per inch height of field coil, direct- 
current machines, 72 
per joint transformer cores, 431, 443, 
455, 466 

per pole, direct-current machines, 65, 
80, 146 

synchronous machines, 215, 224, 274 
rotor teeth, 329, 345 
yoke, 328, 345 
stator teeth, 329, 344 
yoke, 328, 345 

Armature, coil, construction, direct- 
current machines, 47 
synchronous machines, 202 
end-connection clearances, direct- 
current machines, 53, 58 
synchronous machines, 205 
insulation, direct-current, machines, 
49 52 

synchronous machines, 202-205 
conductor section, direct-current ma- 
chines, 54, 61, 140 
synchronous machines, 206, 213, 270 
conductors, in series per phase, syn- 
chronous machines, 210, 269 
total, direct-current machines, 60, 
138 

synchronous machines, 211, 269 
construction, direct-current machines, 3 
synchronous machines, 162 
copper losses, direct-current machines, 
121, 130, 155 
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Armature, copper losses, synchronous 
machines, 206, 251, 261, 285 
cross-magnetizing ampere-turns, 82, 
154 

current, direct-current machines, 55, 
61, 140 

synchronous machines, 213, 269 
demagnetizing ampere-turns, 81 
diameter and length, direct-current 
machines, 20, 29, 136 
synchronous machines, 178, 186, 
266 

frame, construction of, synchronous 
machines, 166 

laminations, thickness of, direct- 
current machines, 3 
synchronous machines, 1 62 
leakage flux paths, direct-current ma- 
chines, 103 

reactance, synchronous machines, 
226, 229, 244, 276 

length, direct-current machines, 20, 
29, 136 

synchronous machines, 178, 186, 266 
peripheral speed, direct-current ma- 
chines, 20 

synchronous machines, 178 
reaction, synchronous machines, 233 
ampere-turns, maximum value of, 
233 

factor, 233, 245, 276 
flux coefficients, 234, 245, 277 
slot dimensions, direct-current ma- 
chines, 56, 62, 140 
synchronous machines, 208, 213, 270 
slots, effect upon flux wave, dircct- 
current machines, 27, 45 
synchronous machines, 201 
teeth, section of, direct-current, ma- 
chines, 67, 75, 140 
synchronous machines, 216 
tooth density, average values for, 
direct-current machines, 68, 75, 
141 

synchronous machines, 216, 221, 
271 

maximum values for, direct-current 
machines, 68 

synchronous machines, 216, 221, 
271 


Armature, tooth support, direct-current 
machines, 5 

synchronous machines, 164 
voltage drop, direct-current machines, 
55, 60, 63, 141 

windings, direct-current machines, 
classification of, 31 
synchronous machines, classifica- 
tion of, 188 
connections of, 199 
method of laying out, 191 
parallel circuits of, 199, 211, 
269 

Armature yoke section, direct-current 
machines, 69, 77, 143 
synchronous machines, 222, 272 
Arrangement of coils, transformer wind- 
ings, 420 

Auxiliary winding, single-phase motors, 

* 374, 390 

Average' temperature rise of oil, 433 
Axial length of field yoke, direct -current 
machines, 72, 79, 145 

Back pitch, lap winding, 32, 61 
wave winding, 37, 139 
Bar pitch squirrel-cage winding, syn- 
chronous motors, 280 
Bar section, squirrel-cage winding, 323, 
325, 365, 385 

Bars per pole squirrel-cage winding, 
synchronous motors, 280 
Bearings, direct-current machines, 12 
Belt leakage, constant, synchronous 
machines, 229 

reactance, synchronous machines, 
228 

Brass, resistance of, 333 
Brush, contact, 100 
drop, 113 
loss, 122, 131, 156 
surface, 112, 116, 150 
friction loss, A.T.E.E. Standards, 
direct-current machines, 123, 
132, 157 

thickness, 101, 112, 114, 115, 149 
width, total per arm, 114, 116, 150 
Brushes, characteristics of, 113 
lubricating qualities of, 100 
stagger of, 100 
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Capacitor-start motor, 381 
Chain windings, 188 
Choice of armature winding, direct- 
current machines, 53, 60, 138 
Chord factor, calculation of, 189, 195 
definition of, 174 
stator winding, 296, 313 
Chorded stator windings, induction 
motors, 306 

Chorded windings, direct-current ma- 
chines, 102 

synchronous machines, 189 
advantages of, 189 

Circular transformer coils, advantages 
of, 414 

Coefficient of, mutual induction, 103 
self-induction, 103 
Coil pitch, 34 

armature coils, direct-current ma- 
chines, 58 

synchronous machines, 209 
Coil support, synchronous machines, 165 
Commutating field, copper loss, 121, 131, 
153 

winding, conductor section, 91, 118, 
152 

design of, 91, 118, 152 
insulation of, 91, 119 
Commutating pole, air gap, ampere- 
turns, 109, 118, 152 
density, 109, 117, 151 
length, 107, 116, 150 
design of, 106 
flux, 110 

length, 107, 117, 151 
shoe bevel of, 109 
width, 106, 117, 151 
Commutating pole machine, 1 
magnetic circuit, 110 
Commutating zone, maximum width of, 
103 

Commutation, 99 

effect of mechanical condition of com- 
mutator and brushes, 100 
Commutator bar, construction, 5 
diameter, 111, 115, 149 
length, 112, 116, 150 
mica, thickness of, 111 
minimum thickness of, 111 
peripheral speed, 111 
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Commutator bar, pitch, lap winding, 
33, 61 

wave winding, 39, 139 
segment pitch, 112, 115, 149 
minimum value of, 112 
Compensated machine, 1 
advantages of, 1 
Compensating winding, 84 
Concentric-type transformer winding, 
420 

Conductor insulation, armature coils, 
direct-current machines, 49-52 
synchronous machines, 202-205 
rotor winding, 323 
stator winding, 309, 314, 364 
transformer windings, 420-423 
Conductor section, high-voltage wind- 
ing, 415, 439, 451, 463 
low-voltage winding, 415, 438, 450, 462 
stator winding, induction motors, 308, 
314, 363, 377, 383, 393 
wound rotor winding, 321 
Conductors, in series, per phase, stator 
winding, 306, 362, 377, 382, 391 
wound rotor winding, 323 
per slot, armature, direct-current ma- 
chines, 60, 139 

synchronous machines, 188, 211, 269 
arrangement of, 202, 213, 270 
per stator slot, 306, 313 
arrangement of, 308 
total stator, induction motors, 307 
Constant potential transformers, 398 
Construction of, armature, direct-cur- 
rent machines, 3 
synchronous machines, 162 
belt tightener base, 13 
brush holder and brush yoke, 12 
commutating pole winding, 10 
field coil, direct-current machines, 9 
synchronous machines, 171 
field poles, direct-current machines, 9 . 

synchronous machines, 172 
field winding, non-salient pole ma- 
chines, 167 

field yoke, direct-current machines, 11 
rotor, 290 
stator, 289 

transformer core, 399 
tank, 403 
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Cooling constant, armature, direct- 
current machines, 129, 133, 158 
field winding, direct-current machines, 
88, 133, 158, 159 

Cooling curves, transformers, 434 
Cooling surface, armature, direct-current 
machines, 129 

synchronous machines, 260, 263, 286 
field winding, synchronous machines, 

243, 250, 279 

shunt field winding, 88, 96, 149 
Copper loss, average values of, trans- 
formers, 417, 418 
per pound, 408 

Copper space factor, average values of, 
415 

Copper table, bare copper strap, 482-485 
double-cotton-covered ribbon, 479 
round wire, 477 
square wire, 478 

Copper weight, armature winding, direct- 
current machines, 59, 63, 141 
synchronous machines, 210, 214, 270 
commutating field winding, 91, 119, 
153 

field winding, synchronous machines, 

244, 250, 279 

high-voltage coil, 428, 441, 453, 464 
low-voltage coil, 428, 441, 453, 464 
series field winding, 90, 98, 155 
shunt field winding, 89, 96, 149 
Core loss, average values of, trans- 
formers, 417, 418 
current, 431, 444, 455, 466 
direct-current machines, 122, 131, 156 
induction motors, 330, 346, 373, 390 
per pound, 408 

electrical sheet steels, 486 
synchronous machines, 251 , 262, 286 
Core space factor, 413 
Core-type transformers, construction of, 
402 

Current, in high-voltage winding, 415, 
436, 448, 460 

in low-voltage winding, 415, 436, 449, 
460 

per path, direct-current armature 
winding, 55 

per phase, induction motors, 308, 314, 
363, 383 


Current density, armature conductor, 
direct-current machines, 55, 61, 
140 

synchronous machines, 206, 213, 270 
brush contacts, 112, 113, 116, 150 
commutating field conductor, 91, 118, 
152 

field winding, synchronous machines, 
243, 249, 278 

in copper, of transformers, 409, 440, 
450, 451, 465, 471 
series field conductor, 90, 97, 154 
shunl field conductor, 72, 95, 144 
squirrel-cage winding, 320 
stator windings, induction motors, 308, 
314, 363, 378, 383 

Dead coil, 41 

Dead-points, squirrel-cage motors, 317 
Density, armature yoke, direct-current 
machines, 69, 77, 143 
synchronous machines, 217, 222, 272 
field pole, direct-current machines, 70, 

78, 144 

synchronous machines, 219, 223, 274 
field yoke, direct -current machines, 72, 

79, 145 

synchronous machines, 220, 224, 275 
Depth of oil, 434, 446, 456, 467 
Design of, pole shot*, direct-current ma- 
chines, 22 

synchronous machines, 179 
shunt field rheostat, 91, 98 
Design sheet, direct-current generator, 
134 

motor, 161 

distributed core-type transformer, 468 
single-phase core-type transformer, 445 
single-phase induction motors, 380, 
397 

squirrel-cage motor, 354 
synchronous generator, 264 
motor, 288 

three-phase core-type transformer, 457 
Difference between t emperature of wind- 
ings and average oil tempera- 
ture, 433 

Direct-current machines, classification 
of, 1 

Displacement angle, 237, 247, 287 
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Distributed core-type transformer, con- 
struction of, 403 
core design, 458 
operating characteristics, 464 
tank design, 467 
winding design, 462 

Distribution of current in, squirrel-rage 
windings, 321 
transformers, 398 

Double-layer windings, synchronous ma- 
chines, 188 

Double squirrel-rage winding, induction 
motors, 322, 350 
synchronous motors, 231, 282 
Ducts in, transformer core, 414 
transformer windings, 425 

Eddy current losses in, armature coils, 
synchronous machines, 207 
stator copper, induction motors, 308 
transformer windings, 420 
Effect of, slot openings upon air gap flux, 
induction motors, 307 
undercutting mica, 100 
Effective value of current, in end rings, 
squirrel-cage winding, 321 
per bar, squirrel-cage winding, 321 
Efficiency, average values of, direct- 
current generators, 125 
direct-current motors, 126 
slip-ring motors, 301 
squirrel-cage motors, 299 
synchronous machines, 256, 257 
transformers, 417, 418 
direct-current machines, 125, 132, 
157 

synchronous machines, 255, 262, 286 
transformers, 432, 444, 455, 467 
Electronic amplifier power supply trans- 
former, core design, 472 
operational characteristics, 474 
winding design, 472 

End-connection leakage reactance, in- 
duction motors, 336, 348, 371, 
372, 388 

synchronous machines, 228 
End-ring section, squirrel-cage winding, 
induction motors, 322, 325, 365, 
385 

synchronous motors, 280 


End-turn insulation, transformers, 423, 

439, 451 

Equalizer connections, conductor sec- 
tion, 43 

multiplex windings, 44 
number, 43, 44, 63 
Equalizer pitch, 42 

Equivalent circuit of induction motors, 
338, 350 

double cage winding, 231, 282 
Equivalent field ampere-turns of arma- 
ture reaction, 233, 246, 277 
Excitation for any load and power 
factor, 239 

Exciter capacity, synchronous machines, 
244, 250, *257, 279 

Exciter voltage, synchronous machines, 
242 

Field current, synchronous machines, 
243, 249, 278 

leakage*, constant, synchronous ma- 
chines, 219, 223, 274 
factor, direct-current machines, 71, 
74 

flux, calculation of, direct-current 
machines, 73 

synchronous machines, 219, 223, 
273 

Field pole, punchings, thickness of, syn- 
chronous machines, 172 
winding, conductor section, synchro- 
nous machines, 241, 249, 278 
copper loss, synchronous machines, 

250, 251, 261, 279 

design, synchronous machines, 241 
rheostat loss, synchronous machines, 

251, 261 

windings, synchronous machines, 172 
Flux density, in transformer core, 409, 

440, 452, 464, 472 

distribution curve, analysis of, 180, 268 
average ordinate of, 184, 266 
construction of, 23, 180 
effective ordinate of, 184, 268 
harmonics of, 183, 266 
maximum ordinate of, 184 
distribution factor, direct-current ma- 
chines, 27, 30, 137 
induction motors, 296 
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Flux density, distribution factor, syn- 
chronous machines, 181, 268 
Flux per pole, direct-current machines, 
69, 77 

induction motors, 297, 306, 314, 360, 
364, 382 

synchronous machines, 217, 222, 272 
Flux plot, construction of, direct-current 
machines, 24, 137 
synchronous machines, 181, 267 
Forced oil-cooled transformers, 407 
Forces on transformer windings, 430 
Form factor, induction motors, 296 
synchronous machines, 1 81 , 268 
Fractional slot, rotor windings, 320 
stator windings, 305 
synchronous machine windings, 196 
Frequency, direct-current machines, 21, 
29, 136 

Friction and windage loss, direct-current 
machines, 123, 132, 157 
induction motors, 331, 346 
synchronous machines, 252, 262, 286 
Frogleg winding, 45 
Front pitch, lap winding, 32, 61 
wave winding, 37, 139 
Full-load, current, induction motors, 299, 
351, 375, 389 

efficiency, induction motors, 299, 351, 
375, 389 

power factor, induction motors, 299, 
351, 375, 389 

speed, direct-current motors, 1 54 
induction motors, 299, 351, 375, 389 

Heating curves of transformers, 434 
High mica, 100 

Impedance, at standstill, induction 
motors, 332, 341, 353, 378 
average values of transformers, 4 1 7, 4 1 8 
Impregnation of transformer coils, 427 
Induced voltage, in armature winding, 
direct-current machines, 14, 54, 
60, 138 

synchronous machines, 174 
in stator winding, induction motors, 
296 

in transformer windings, 410 
Induction motors, construction of, 289 


Inside diameter, of field yoke, direct- 
current machines, 77, 145 
of rotor core, 326, 367, 386 
Insulating collars, thickness of, 425, 440, 
451 

Insulating materials for transformer 
windings, 421 

Insulating oil, dielectric strength of, 425 
Insulation, allowances, stator windings, 
induction motors, 309, 364, 383 
between core and windings, trans- 
formers, 423, 439, 450, 463 
between high-voltage and low-voltage 
windings, transformers, 423, 
440, 453, 463 

of transformer laminations, 399 
stator coils, induction motors, 309 
test, A.I.E.E. Standards, armature 
windings, direct -current ma- 
chines, 50 

synchronous machines, 205 
thickness, wound rotor coils, 323 
Interleaved type of transformer winding, 
420 

Lamination factor, 68, 216, 413 
Lap winding, multiplex, 43 
progressive, 33 
retrogressive, 33 

Layer insulation, thickness of trans- 
former windings, 422, 439, 451 
Leakage reactance, induction motors, 
334, 348, 371, 388 

synchronous machines, 226, 229, 244, 
276 

transformers, 428, 442, 454, 465 
Length of, bars, squirrel-cage windings, 
349, 369, 387 

corrugated tank surface per inch of 
center line, 434 

field pole, axial, direct-current ma- 
chines, 66, 78, 144 
synchronous machines, 219, 223, 272 
field yoke, axial, direct-current ma- 
chines, 72, 79, 145 
synchronous machines, 220, 224, 275 
flux path, armature teeth, direct- 
current machines, 69, 76, 142 
synchronous machines, 217, 221, 
271 
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Length of, flux path, armature yoke, 
direct-current machines, 70, 77, 
143 

synchronous machines, 218, 222, 
272 

field pole, direct-current machines, 
71,79,145 

synchronous machines, 219, 223, 
’ 273 

field yoke, direct-current machines, 
79, 145 

synchronous machines, 220, 225, 
275 

rotor yoke, 329, 345 

stator yoke, 329, 345 
mean-turn, commutating field coil, 91, 
119,152 

field coil, synchronous machines, 
243, 249, 278 

series field coil, 90, 97, 155 

shunt field coil, 87, 95, 147 
one-half mean-turn, armature coil, 
direct-current machines, 59, 62, 
141 

synchronous machines, 209, 214, 
' 270 

rotor coil, 331 

stator coil, 331, 346, 368, 387 
Limiting temperature rise, salient pole 
synchronous generators and 
motors, 260 

steam-turbine-driven synchronous gen- 
erators, 259 

transformers, A.I.E.E. Standards, 432 
Load losses in transformers, 432 
Losses in, direct -current machines, 120 
synchronous machines, 251 
transformers, 432 

Magnetic circuit, commutating pole ma- 
chines, 110 

induction motors, 327 
non-commutating pole machines, 66 
salient pole synchronous machines, 215 
transformers, construction of, 399 
Magnetic pull per pole, 287 
Magnetization curve, cast iron, 486 
cast steel, 486 

electrical sheet steels, 486-489 
hot rolled steel, 486 


Magnetizing current, 431 
calculation of, distributed core-type 
transformer, 466 

induction motors, 329, 345, 375, 389 
single-phase core-type transformer, 
443 

three-phase core-type transformer, 
455 

induction motors, 297, 316 
Magnetizing force, 65 
Magnetizing reactance, 234, 371 
Maximum torque, induction motors, 351, 
375, 389 

Method of, forming direct -current arma- 
ture coils, 47, 48 

insulating armature punchings, 3 
measuring transformer temperature, 
A.I.E.E. Standards, 432 
sealing slots, direct-current machines, 5 
Minimum cost transformers, 408 
Minimum loss transformers, 408 
Multiplex lap windings, 43 
wave windings, 43 

Natural-air-cooled transformers, 403 
Natural-oil-cooled transformers, 407 
Neutral zone, 103, 116, 150 
No-load current, induction motors, 332, 

346 

transformers, 431, 444, 455, 466 
watt component of, induction motors, 
332, 346 

transformers, 431, 441, 455, 466 
No-load field form, construction of, 23, 
180 

losses in transformers, 431 

power factor, induction motors, 332, 

347 

Non-commutating pole machines, 1 
Number of, armature slots, direct- 
current machines, 45, 60, 138 
synchronous machines, 201, 211, 269 
brush sets for wave windings, 39 
coil sides per slot for wave windings, 40 
phases, squirrel-cage windings, 333 
poles, direct-current machines, 21, 29, 
136 

induction motors, 312, 361, 381 
rotor conductors, wound rotor wind- 
ing, 323 



508 


INDEX 


Number of, slots per pole, direct-current 
machines, 47 

turns, high-voltage winding, 414, 439, 
451, 463, 472 

low-voltage winding, 415, 439, 450, 
462, 472 

Oil- and water-cooled transformers, 407 
Open-circuit reactance, single-phase in- 
duction motors, 372, 373, 388 
Open-circuit saturation curve, direct- 
current machines, 75, 146 
synchronous machines, 220, 224, 275 
Operational characteristics, determina- 
tion of, induction motors, 338, 
350, 375, 389 

Output constants, direct-current ma- 
chines, 18 

induction motors, 302, 360 
synchronous machines, 177 
transformers, 411 

Output equation, direct-current ma- 
chines, 14 

induction motors, 302, 359 
synchronous machines, 175 
transformers, 410 

Outside diameter, armature, synchro- 
nous machines, 227, 272 
field yoke, direct-current machines, 
79, 145 

stator core, 304, 312 
Over-commutation, 99 

Per cent impedance, synchronous ma- 
chines, 245, 276 
transformers, 430, 443, 466 
Per cent magnetizing current, induction 
motors, 329, 345 

Per cent pole embrace, direct-current 
machines, 23, 30, 137 
synchronous machines, 179, 187, 266 
Per cent reactance, average values of, 
transformers, 417, 418 
induction motors, 337 
synchronous machines, 229, 245, 276 
transformers, 430, 443, 454, 465 
Per cent resistance, average values of, 
transformers, 417, 418 
synchronous machines, 245, 276 
transformers, 428, 442, 454, 465 


Per cent slip, induction motors, 338, 350, 
375, 389 

Peripheral speed, induction motors, 305 

Phase angle main and auxiliary windings, 
374 

Phase difference of commutation, 102, 
115, 149 

Polarity of, commutating poles, 1 
transformers, 418 

Power factor, average values of, slip- 
ring motors, 301 
squirrel-cage motors, 299 

Power transformers, 398 

Pull-in torque, synchronous motor, 232, 
282, 284 

Radial length of field pole, direct -current 
machines, 71, 79, 144 
synchronous machines, 219, 223, 273 

Radiating surface, calculation of, core- 
type transformer, 444, 456 
distributed core-type transformer, 
467 

electronic amplifier power supply 
transformer, 475 
per watt, transformers, 432 

Rate of change of current, average value 
of, 104 

Ratio of, air gap and armature tooth 
ampere-turns to armature am- 
pere-turns, 76, 84, 142 
armature length to pole pitch, direct- 
current machines, 20 
synchronous machines, 178, 186, 
266 

armature outside to inside diameter, 
synchronous machines, 179 
core loss to copper loss, distribution 
transformers, 408, 465 
power transformers, 408, 442, 454 
core weight to copper weight of trans- 
formers, 409, 441 , 453, 464 
stator length to pole pitch, induction 
motors, 304 

stator outside to inside diameters, in- 
duction motors, 304 
window height to width, transformers, 
415 

Reactance of short-circuited field wind- 
ing, synchronous motors, 231 
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Reactance voltage, curve, shape of, 
108 

fundamental equation of, 103 
per coil, 105, 117, 151 
Regulation, average values of, trans- 
formers, 417, 418 

of synchronous generators, 176, 241, 
247 

of transformers, 431, 443, 454, 466 
Resistance of, armature winding, direct- 
current machines, 59, 63, 141 
commutating field winding, 91, 119, 
153 

field winding, synchronous machines, 
244, 249, 279 

high-voltage winding, 428, 442, 454, 
465, 474 

low-voltage winding, 42S, 412, 454, 
465, 474 

series field winding, 90, 98, 155 
shunt field winding, 87, 96, 148 
squirrel-cage winding, induction mo- 
tors, 333, 339, 349 
total, transformer windings, 428 
Resistance per phase, armat ure winding, 
synchronous machines, 210, 
214, 270 

stator winding, 331 , 346 
wound rotor winding, equivalent value 
of, 332 

Rotor, current, wound rotor motor, 342 
diameter, 316, 324, 365, 384 
end-connection, leakage react ance, 
synchronous motor, 230 
frequency, 330 
laminations, 290 

reactance, synchronous motor, 230, 
280, 283 

slots, number of, squirrel-cage motors, 
318, 357 

wound rotor motors, 320 
tooth, density, maximum value of, 
324, 325 

width, minimum value of, 324, 325 
voltage, wound rotor motors, 323 
windings, connection of, induction 
motors, 320 

yoke density, 324, 326, 367, 386 
zigzag leakage reactance, synchronous 
motors, 230 


Sample design, armature winding, direct- 
current generator, 60 
synchronous generator, 210 
commutator and commutating pole, 
115 

direct-current motor, 136-161 
diameter and length, direct-current 
generator, 28 

synchronous generator, 186 
field winding, synchronous generator, 
244 

losses, efficiency and temperature rise, 
direc ^current generator, 130 
synchronous generator, 261 
magnetic circuit, direct-current ma- 
chines, 75, 141 
synchronous generator, 220 
operating characteristics, squirrel-cage 
motor, 343 

rotor, squirrel-cage motor, 324 
shunt and series field winding, direct- 
eurrent generator, 94 
stator, squirrel-cage motor, 312 
synchronous motor, 265-288 
transformers, 435-475 
Saturation, effect of, on leakage re- 
actance, 324 
Saturation factor, 367 
Section area of, field yoke, direct-current 
machines, 72, 79 

polo, direct -current machines, 71, 78 
transformer core, 410, 436, 447, 459, 
472 

Section-wound coils, transformers, 423 
Series field, ampere-turns, 85, 97, 154 
copper loss, 121, 131, 155 
current, 90, 97, 154 
winding conductor section, 90, 97, 151 
design, 89 

Shaft currents, synchronous machines, 
162, 255 

Shape of, bar squirrel-cage winding, 322, 
325, 365, 385 

core section, circular-core-type trans- 
formers, 413 

rectangular-core-type transformers, 
412 

shell-type transformers, 412 
Sheet steel, quality of, transformers, 399 
thickness of, transformers, 399 
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Shell-type transformer, construction of, 
403 

core design, 412 

Short-circuit, characteristic, 235, 247, 275 
current curves, 100 
induction motor, 332, 340, 352, 378, 
393 

sustained value of, 430 
ratio, 235, 246, 277 

Shunt field, ampere-turns, 85, 94, 147 
copper loss, 121, 131, 156 
current, average values of, 55 
calculation of, 88, 95, 147 
rheostat loss, 121 

winding, conductor section, 87, 95, 147 
design, 85 
insulation of, 85 

Silicon sheet steel, properties of, 486-489 
Simplex lap windings, 31 
Simplex wave windings, 35 
Single-phase core-type transformer, core 
design, 435 

operating characteristics, 442 
tank design, 444 
winding design, 438 
Skew angle, 337, 348, 371 
Skew leakage reactance, induction mo- 
tors, 337, 349, 371, 372, 388 
Slot leakage reactance, synchronous ma- 
chines, 226 

Slot size, squirrel-cage winding, 323, 325, 
366, 385 

Slots, form of, induction motors, 308, 
322 

partly closed, calculation of area, 310, 
315,364,383 

copper space factor, 310, 315, 364, 
383 

per pole per phase, stator winding in- 
duction motors, 305, 313 
Sparking at brushes, 101-103 
Spider, construction of, direct-current 
machines, 3 

• synchronous machines, 172 
Split-phase motor, 360 
Squirrel-cage winding, construction of, 
induction motors, 295 
design of, synchronous motor, 280 
induction motors, 316 
Stabilizing winding, 154 


Star connection, advantages of, syn- 
chronous machines, 199 
Starting resistance, direct-current motor, 
159 

Starting rheostat, wound rotor motor, 
346 

Starting torque, squirrel -cage motor, 341, 
355 

single-phase motor, 376, 379, 394 
synchronous motor, 231 , 285 
Stator, coil, construction of, 305 
end-connection clearance, 309 
insulation of, 309 
coppei loss no-load, 332, 346 
depth, 312 
design of, 296 

diameter and length, 303, 313, 361, 386 
frame, 290 

laminations, quality of, 289 
thickness of, 289 
length, 304, 313, 361, 381 
slot, size, 306, 315, 361, 384 
width, 307 

slots, number of, 306, 313, 361, 384 
tooth density, maximum value of, 311 
pitch, minimum value of, 307, 313 
width, minimum value of, 311 
windings, 305 
single-phase, 356 
yoke density, 311, 316, 365, 383 
Straight-line commutation, 99 
Strap copper field coil, insulation of, 
synchronous machines, 243, 249 
length, mean-turn of, synchronous 
machines, 243, 249 
synchronous machines, 243, 248 
Stray load-losses, A.T.E.E. Standards, 
direct-current machines, 120 
synchronous machines, 255, 262, 286 
Stray losses in transformers, 432 
Surface per watt, armature, direct-cur- 
rent machines, 129, 133, 158 
synchronous machines, 261, 263, 286 
commutator, direct-current machines, 
130, 134, 159 

field winding, direct-current machines, 
88, 96, 129, 133, 149, 153, 158 
synchronous machines, 244, 250, 
279 

Synchronizing power, 239, 263, 287 
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Synchronous machines, classification of, 
162 

Synchronous reactance, 234 

Tank surface per watt, corrugated sheets 
steel tanks, 433 
plain sheet-steel tanks, 433 
with cooling tubes, 433 

Temperature, in various parts of trans- 
former tank, 432 
of oil at surface, 433 
rise, A.I.E.E. Standards, direct - 
current machines, 1 27 
armature, direct-current machines, 
129, 133, 158 

commutator, 130, 134, 159 
field winding, direct-current ma- 
chines, 88, 96, 129, 133, 158 

Thickness of coils, transformer windings, 
427 

Thickness of field yoke, direcUcurrent 
machines, 72, 79, 145 
synchronous machines, 220, 224, 271 

Three-phase, core-type transformer, core 
design, 117 

operating characteristics of, 453 
tank design, 456 
winding design, 450 

Tooth harmonics, single-phase motors, 
357 

Tooth pitch, direct-current machines, 
56, 62, 141 

synchronous machines, 202, 211, 269 

Torque, average values of, slip-ring 
motors, 301 

squirrel-cage motors, 299 

Total ampen'-turns per pole, induction 
motors, 329, 345 

Total bar section, squirrel-cage windings, 
320 

Total flux, average values of, trans- 
formers, 410 

direcUcurrent machines, 14, 60, 139 
induction motors, 296, 360, 362, 382 
synchronous machines, 174, 213, 269 
transformers, 414, 440, 452, 464 

Total rotor conductor section, slip-ring 
motors, 321 

squirrel-cage windings, 320, 325, 365, 
385 


Transformer, classification of, 398 
construction, types of, 402 
cooling of, 403 
essential parts of, 398 
tank, types of, 407 

temperature rise, A.I.E.E. Standards, 
418 

windings, design of, 418 

Transposed conductors, armature coils, 
synchronous machines, 208, 255 
in transformer windings, 421 

Turns, in series per phase, squirrel-cage 
winding, 333 

per pole, commutating field winding, 
91,118,152 

field winding, synchronous machines, 
243, 249, 278 

series field winding, 90, 97, 154 
shunt field winding, 88, 95, 147 

Under-commutation, 99 

Ventilated field coil, 87 

Ventilating ducts, in armature, direct - 
current machine's, 5, 75 
synchronous machines, 164, 220, 
271 

in rotor core*, 290 
in stator core*, 290, 313 

Voltage, between commutator bars, 53, 
61, 139 

layers, transformer windings, 421 
drop in field winding, synchronous 
machines, 242, 249, 278 
formula, synchronous machines, 174 
per turn, direct-current armature 
windings, 50 

transformer windings, 415 

Volume of oil, 454 

Wave windings, multiplex, 43 
progressive, 38 
retrogressive, 38 

Weight, stator, teeth, 345, 373, 388 
yoke, 346, 373, 390 

Width of commutating zone, 101, 115, 
149 

Winding constant, induction motors, 
296 
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Winding constant, synchronous ma- Window area, three-phase transformers, 

chines, 175, 210 416 

Winding distribution factor, calculation Wire-wound field coil, length, mean-turn 
of, 195, 198, 211 of, synchronous machines, 242, 

definition of, 174 278 

induction motors, 296 

single-phase induction motors, 359 Zigzag leakage reactance, induction mo- 
Windings for small transformers, 471 tors, 335, 348, 371 

Window area, single-phase transformers, synchronous machines, 228 
415 






